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ABSTRACT 


This  is  the  final  report  on  the  grant  “Development  of  a  novel  diagnostic  marker  to  link  a  potential  tumor  suppressor  gene  at  chromosome  6q 
to  aberrant  signal  transduction  pathway  in  breast  cancer”.  The  purpose  of  the  grant  proposal  is  to  examine  the  hypothesis  that  protein 
phosphatase  laforin  is  a  tumor  suppressor  in  cancers  through  its  function  as  the  specific  phosphatase  of  GSK-3pS  and  the  loss  of  function  of 
laforin  causes  aberrant  Wnt  signaling  in  cancer  cells.  We  have  proposed  to  examine  (1)  whether  the  specific  marker  is  present  in  breast 
cancer  cells;  (2)  whether  the  unique  morphological  marker  correlates  with  specific  LOH  in  6q24;  (3)  whether  there  are  inactivating 
mutations  in  laforin  gene;  (4)  whether  loss  of  laforin  function  in  breast  cancer  cells  causes  downstream  effects  on  P-catenin  cytosolic  and 
nuclear  accumulation  and  increased  cyclin  D  and  c-myc  expression  in  breast  cancer  samples.  (5)  Finally,  we  will  examine  whether  loss  of 
laforin  function  in  breast  cancer  cells  is  an  independent  prognostic  factor.  In  the  past  funding  period,  we  have  greatly  extended  our  work  in 
basic  research  to  firmly  establish  the  role  of  laforin  as  a  tumor  suppressor.  First,  we  showed  that  silencing  the  Epm2a  gene  (which  encodes  1 
laforin)  in  the  bone  marrow  stem  cells  resulted  in  a  dramatic  increase  in  the  self-renewal  of  the  hematopoietic  stem  cells  in  methylcellulose 
assay  in  vitro  and  in  the  tendency  for  hematological  malignancy  transformation  in  vivo.  Second,  we  have  demonstrated  that  abnormal  Wnt 
signaling  associated  with  Jaforin  down-regulation  is  a  causal  event  for  the  malignant  transformation  mediated  by  laforin-down  regulation,  i 
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(4)  Introduction 

Glycogen  synthase  kinase  3  (GSK-3)  is  a  critical  component  for  several  important  signal 
transduction  pathways  that  control  cellular  metabolism,  growth,  and  transformation. 
GSK-3  targets  a  wide  array  of  substrates  that  are  implicated  in  human  cancer  and  other 
diseases.  GSK-3 P  kinase  is  inactivated  by  phosphorylation,  specifically  at  serine  9  by 
protein  kinase  B/Akt.  A  counteracting  phosphatase  for  this  has  not  been  identified.  Our 
study  showed  that  laforin,  a  dual-specificity  phosphatase  which  is  mutated  in  Lafora’s 
progressive  myoclonus  epilepsy,  is  the  phosphatase  for  GSK-3p  and  an  important 
modulator  in  Wnt  signalling  pathway.  Moreover,  laforin  is  a  tumor  suppressor  as 
disruption  of  its  expression  leads  to  development  of  tumor,  while  its  over-expression 
suppresses  tumor  growth. 

Laforin  is  a  potential  tumor  suppressor. 

Tumor  suppressor  genes  (TSG)  form  a  crucial  part  of  our  natural  anticancer 
defense.  When  these  genes  become  inactive,  tumors  often  develop.  Knudson’s  two-hit 
model  of  tumor  suppressor  genes  supposed  that  loss  of  function  only  occurs  when  both 
alleles  of  the  gene  are  inactivated  genetically  (1, 2).  Despite  changes  in  our  concept  of 
cancer  genes,  two  inactivating  point  mutations  are  still  considered  the  hallmark  of  TSG 
(3).  Recently  more  and  more  reports  describe  candidate  TSGs  that  do  not  conform  to  this 
standard  definition,  including  haploinsufficient  genes  requiring  inactivation  of  only  one 
allele  and  genes  inactivated  not  by  mutation  but  rather  epigenetic  hypermethylation  (4-7). 

Our  preliminary  studies  strongly  suggest  that  EPM2A  is  a  potential  tumor 
suppressor  gene  in  the  mouse.  First,  disruption  of  EPM2A  gene  leads  to  the  development 
of  lymphoma  in  essentially  100%  of  B10BR  mice.  Second,  our  analysis  of  the  status  of 
the  EPM2A  gene  revealed  wide-spread  hypermethylation  in  its  5’CpG  island.  Third, 
transfection  of  EPM2A  cDNA  into  a  large  panel  of  tumor  cells  lead  to  programmed  cell 
death.  However,  there  is  a  significant  difference  in  tumor  incidence  when  the  transgene 
is  presented  in  the  B10.BR  x  B6  background.  These  results  suggest  that  the  cancer  risk 
associated  with  the  EPM2A  disruption  can  be  modified  by  other  background  genes  yet  to 
be  identified.  The  strong  effect  of  background  genes  may  explain  the  apparent  lack  of 
tumors  in  the  B6  mice  with  targeted  mutation  of  the  EPM2A  gene  (8). 

High  frequency  of  LOH  is  found  in  6q24  region  in  breast  cancers 

Laforin  gene  EPM2A  is  located  in  6q24  in  human  genome  (9-1 1).  The  long  arm 
of  chromosome  6  is  frequently  rearranged  in  human  cancer.  Deletions  or  LOH  in  6q  were 
reported  in  cancers  from  a  large  number  of  different  organs  including  carcinomas  of  the 
breast  (12,  13),  endometrium  (14,  15),  prostate  (16),  lymphomas  and  leukemias  (17),  and 
melanomas  (18).  The  frequent  genetic  changes  in  various  cancers  strongly  suggests  the 
existence  of  putative  tumor  suppressor  genes  (TSGs)  in  chromosome  6q. 

Deletions  on  chromosome  6q21-qter  and  lp22-36  were  two  most  frequent 
karyotypic  abnormalities  in  a  survey  of  508  breast  carcinomas  (19).  Frequent  loss  at  6q 
was  confirmed  by  comparative  genomic  hybridization  (20)  and  allelotying  of  human 
breast  carcinomas  (21).  Studies  using  a  large  number  of  microsatellite  markers  suggested 
the  presence  of  at  least  three  regions  of  frequent  allelic  imbalance  at  6ql3,  6q24-q25,  and 
6q27  (12,  21-23).  A  study  with  microdissected  breast  cancer  tissues  indicated  that  allelic 
loss  at  6q23-q25.2  could  be  observed  in  up  to  80%  of  the  samples  (24).  Microcell- 
mediated  chromosomal  transfer  experiments  using  a  6q  portion  demarcated  by  the 
microsatellite  marker  D6S310  (6q23.3-q25)  caused  suppression  of  the  neoplastic 
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phenotype  in  vitro  and  in  vivo  of  CAL51  breast  cancer  cells  (23).  All  these  data  indicated 
that  chromosomal  6q  is  likely  to  harbor  several  TSGs  and  that  6q23-q25  is  an  important 
hot  spot  in  breast  cancer. 


(5)  Body  of  Annual  Report 

Task  1.  Are  there  Lafora  bodies  in  breast  cancer  cells?  (Month  1-12). 

a.  To  obtain  more  tissue  microarray  sections  to  perform  the  following  histological 
staining  procedures:  PAS,  PAS-D,  PAS/alcian  blue ,  Hale's  PAS,  Best's  carmine, 
dimedone-PAS,  Congo  red,  Sudan  IV.  (Month  1-2). 

b.  To  retrieve  the  tissue  blocks  and  make  thick  sections  for  Laser  Captured 
Microdissection  from  the  paired  tumor  and  normal  tissue  (Month  1-4). 

c.  To  submit  mouse  lymphoma  samples  to  perform  electronic  microscopy  examination 
(Month  1-3) 

d.  To  procure  properly  fixed  breast  cancer  tissue  to  perform  electronic  microscopy 
examination  (Month  1-12). 

e.  To  retrieve  tissue  blocks  with  benign  breast  lesions  and  perform  various  histological 
staining  procedures  (Month  1-6). 

We  have  finished  the  task  1  with  more  detailed  histological  examinations  on 
PAS-D  positive  intracellular  inclusions  that  we  identified  in  breast  cancer  samples  of 
which  we  speculated  in  grant  proposal  as  “lafora’s  bodies”  (Fig.  1  and  Fig.  2).  We 
performed  electron  microscopy  examination  on  mouse  lymphoma  tissue  sections  from 
TG-B  mice  and  on  human  breast  cancer  samples  (Fig.  3). 


Fig.  1.  Intracellular  PAS-D  positive  inclusions 
were  seen  in  lymphoma  cells  from  a  lymph 
node  of  a  TG-B  mouse  that  developed 
lymphoma.  Paraffin-embedded  tissue  was 
stained  with  PAS  with  diastase  digestion. 
Arrows  showed  two  round  purple  intracellular 
PAS-D  positive  inclusions. 


Fig.  2.  Intracellular  PAS-D  positive  inclusions  in 
ductal  carcinoma  of  the  breast.  (100X  objective). 
Arrows  indicated  the  larger  inclusions.  Numerous 
smaller  inclusions  are  also  present. 
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Fig.  3.  Preliminary  result  of  electron  microscopy  pictures  of  PAS-D  positive 
intracytoplasmic  inclusion  bodies  in  breast  cancer  cells.  These  inclusions  are  electronic 
dense  granules  and  no  limiting  membrane.  However,  there  is  no  apparent  filamentous 
material.  The  right  panel  is  a  higher  power  view  of  the  structures  indicated  by  arrows  on 
the  left  panel. 


From  the  careful  analysis  of  histochemical  studies  and  electron  microscopy 
results,  we  came  to  the  conclusion  that  the  PAS-D  positive  intracellular  inclusions  in 
lymphoma  and  breast  cancer  cells  that  we  identified  are  different  than  the  lafora  bodies 
described  in  literature.  The  most  reliable  method  to  confirm  whether  the  PAS-D  positive 
inclusion  is  a  Lafora  body  is  electron  microscopy  (25).  Ultrastructurally,  Lafora  bodies 
are  said  to  be  composed  of  amorphous  electron-dense  granules  and  irregular  filamentous 
material.  They  are  not  separated  from  other  cytoplasmic  components  by  a  membrane. 
They  are  mostly  located  in  juxtanuclear  position,  indented  the  nucleus.  The  inclusions  are 
not  related  to  the  nuclear  membrane  or  to  the  endoplasmic  reticulum.  We  failed  to 
identify  any  filamentous  material. 


Task  2.  Is  the  marker  correlated  with  genomic  instability?  (Month  3-12). 

a.  To  obtain  benign  tissue  by  simple  scraping  (Month  3-4). 

b.  To  obtain  tumor  tissue  by  laser  captured  microdissection  on  all  50  tumor  samples  to 
ensure  the  purity  of  tumor  cells  (Month  3-8). 

c.  To  isolate  DNA  and  amplify  DNA  for  alleletyping  (Month  3-8). 

d.  To  perform  PCR  amplification  with  microsatellite  markers  and  send  to  Genotyping 
Core  Facility  for  alleletyping  (Month  4-12). 

e.  To  collect  and  analyze  data,  perform  statistical  study  (Month  9-12). 

We  have  chosen  2  microsatellite  markers  to  evaluate  the  LOH  at  6q24  region.  The 
markers  are  list  in  Table  1.  D6S1703  is  the  marker  that  has  been  used  for  the  positional 
cloning  of  laforin  gene  EPM2A.  It’s  located  in  the  first  intron  of  the  EPM2A  gene. 
Rodriguez  et  al  have  analyzed  30  microsatellite  markers  mapping  in  the  6q  13-27  region 
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on  a  panel  of  178  breast  cancer  samples  (26).  Our  two  markers  are  also  used  by  their 
report  with  allelic  imbalance  frequency:  D6S1703,  28.7%;  D6S441,  32.9%. 


Table  1.  Microsatellite  markers  in  6q24. 


Marker  Name 

Marshfield 

Position  (cM) 

PCR  Product  Size 
(bp) 

D6S1703 

145.95 

146.06 

147-161 

D6S441 

153.77 

154.10 

162-186 

We  have  performed  studies  in  50  cases  of  ductal  carcinoma  of  the  breast.  Cancer 
cells  were  microdissected  after  H&E  staining.  Paired  normal  tissue  sections  were  scraped 
by  clean  blade  and  collected  in  PCR  tube.  DNA  was  isolated  and  amplified  by  whole 
genome  amplification  (27,  28).  PCR  reactions  were  performed  and  genotyped  by 
Genotyping  Service  in  our  Comprehensive  Cancer  Center  core  facility.  The  allelic 
imbalance  (AI)  is  determined  by  comparing  the  ratio  of  allele  peak  heights  in  tumor  and 
control  DNA  (N1/N2)/(T1/T2),  the  LOH  is  defined  as  normal/tumor  ratios,  <0.7  or  >1.5. 
Of  the  34  informative  samples  using  D6S1703,  the  marker  that  resides  in  the  first  intron 
of  EPM2A  gene,  we  found  LOH  in  21  samples,  which  accounts  for  62%  of  the  samples 
(Fig.  4).  Since  the  marker  D6S1703  is  within  the  EPM2A  gene,  the  preliminary  data 
strongly  suggest  a  wide-spread  LOH  in  the  EPM2A  gene.  We  are  currently  adjusting  the 
PCR  amplification  conditions  and  targeting  to  amplify  all  DNA  samples  with  readable 
signals. 


Fig.  4.  LOH  analysis  of  ductal 
carcinomas  in  breast  using  D6S1703 
and  D6S441  markers.  N.  Normal 
tissue,  T,  microdissected  tumor  cells. 
Arrow  indicated  the  tumor  cells  had  a 
complete  loss  of  one  allele  at  locus 
D6S1703. 


The  LOH  results  had  been  compared  with  PAS-D  staining  results.  However,  the 
LOH  results  were  not  matched  with  the  PAS-D  staining  results.  First,  this  may  confirm 
our  suspicion  that  what  we  observed  as  “intracellular  PAS-D  positive  inclusions”  were 
not  exactly  “Lafora  bodies”  even  though  we  only  observed  such  inclusions  in  ductal 
carcinoma  cells  but  not  on  normal  lobular  glands  or  normal  ducts.  Second,  it  should  be 
emphasized  that  Lafora  bodies  represent  the  loss  of  laforin  function.  This  can  be  achieved 
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by  either  deletion  of  both  copies  of  laforin  gene,  or  LOH  at  one  copy  and  inactivation 
mutation  in  another  copy,  or  inactivation  mutation  in  both  copies.  It  can  also  be  caused 
by  epigenetic  inhibition,  transcription  inhibition  or  other  mechanisms.  Thus,  the  LOH 
data  may  not  exactly  match  the  PAS-D  inclusions  samples.  If  we  could  successfully 
reveal  two  alleles  in  locus  D6S1703  in  normal  tissue,  but  failed  to  amplify  any  allele 
from  tumor  cells  while  other  markers  are  not  affected,  we  may  conclude  that  it  is  a 
deletion  of  both  alleles  in  tumor  cells.  On  the  other  hand,  LOH  at  locus  D6S1703  will 
prompt  us  to  perform  further  careful  searching  on  inactivating  mutations  in  laforin  gene 
from  the  remaining  allele.  In  the  case  of  homozygosity  at  locus  D6S1703  with  PAS-D 
inclusions,  it  may  also  make  searching  for  inactivating  mutations  in  laforin  gene  more 
significant. 


Task  3.  Can  we  identify  inactivating  mutations  in  laforin  gene  in  breast  cancer  cells? 
(Month  7-12). 

a.  To  isolate  high  quality  DNA  from  paired  tumor  and  normal  tissue  samples  that  is 
positive  for  PAS-D  inclusions  (Month  7-8). 

b.  To  amplify  the  exons  in  laforin  gene  (Month  7-9). 

c.  To  detect  the  presence  of  mutations  by  sequencing  (Month  8-1 0). 

d.  To  analyze  the  mutations  (Month  11-12). 

We  are  still  in  the  process  of  doing  Task  3.  We  encountered  difficulty  in  getting  good 
quality  of  genomic  DNA  from  formalin  fixed  paraffin  embedded  tissue.  The  exon  1  of 
EPM2a  gene  is  high  GC  rich  and  extremely  difficult  to  amplify.  Our  preliminary  data 
from  20  cases  of  ductal  carcinoma  of  the  breast  indicated  that  there  was  no  mutation 
identified  so  far. 

Task  4.  Are  there  hypermethylation  in  CpG  island  of  laforin  gene  promoter  and  exon  1 
region?  (Month  7-12). 

a.  To  design  the  oligonucleotide  primers  for  methylation  specific  PCR  and  to 
optimize  PCR  conditions  to  specifically  amplify  the  desired  methylated  or  unmethylated 
PCR  products  (month  7-8). 

b.  To  isolate  high  quality  DNA  (month  7-8). 

c.  To  modify  DNA  with  bisulfate  treatment  and  perform  methylation  specific  PCR 
(month  9-10). 

d.  To  analyze  the  results  (Month  11-12). 

We  are  still  in  the  process  of  doing  Task  4.  As  described  in  Task  3,  we  encountered 
difficulty  in  getting  good  quality  of  genomic  DNA  from  formalin  fixed  paraffin 
embedded  tissue.  That  made  the  bisulfate  treatment  and  methylation  specific  PCR  almost 
impossible  to  get  satisfactory  results.  We  are  currently  trying  hard  to  trouble  shooting. 


Task  5.  What  are  the  downstream  effects  on  loss  of  laforin  function?  (Month  1-12) 
a.  To  perform  immunohistochemical  staining  to  examine  the  GSK-3/3;  phosphorylation 
level,  the  increased  /3-catenin  cytosolic  and  nuclear  accumulation,  increased  cyclin  D 
and  c-myc  expression  in  breast  cancer  samples  (Month  1-12). 
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We  have  performed  immunohistochemical  stainnings  with  antibodies  against  (3- 
catenin  and  c-myc  on  the  breast  cancer  samples  (Fig.  5).  We  are  in  the  process  of 
summarizing  the  results.  We  will  compare  the  LOH  results  with  the  P-catenin  and  c-myc 
staining  results  to  examine  the  correlations. 


Normal  Tissue  Breast  Cancer 


Fig.  5.  Immunohistochemical 
studies  in  ductal  carcinomas  of  the 
breast. 


Task  6.  Could  positive  for  Lafora  body  be  a  prognostic  factor?  (Month  1-12) 

a.  To  retrieve  the  consecutive  series  of  breast  cancer  samples  and  pathological  reports 
from  1981  to  1985  and  perform  the  PAS-D  stain  on  the  sections  to  determine  the 
frequency  of  PAS-D  inclusion  positive  cases  (Month  1-5). 

b.  To  analyze  the  retrieved  pathologic  reports  (Month  1-5) 

c.  If  necessary,  to  perform  immunohistochemical  stains  on  ER,  PR,  p53,  HER  on  all  the 
cases  that  does  not  have  such  information  (Month  4-7). 

d.  To  obtain  the  survival  data  from  the  CDRS  database  (Month  4-12). 

e.  To  correlate  with  pathological  grading,  clinical  staging,  and  patients'  survival  data  to 
determine  whether  loss  of  laforin  function  in  breast  cancer  is  an  independent  prognostic 
factor  (Month  10-12). 

We  are  in  the  process  of  doing  this  task,  not  complete. 
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(6)  Key  Research  Accomplishments 

•  The  major  effort  of  the  funding  period  is  on  the  basic  research  to  firmly 
establish  the  role  of  laforin  as  a  tumor  suppressor. 

•  We  showed  that  silencing  the  Epm2a  gene  (which  encodes  laforin)  in  the 
bone  marrow  stem  cells  resulted  in  a  dramatic  increase  in  the  self-renewal  of 
the  hematopoietic  stem  cells  in  methylcellulose  assay  in  vitro  and  in  the 
tendency  for  hematological  malignancy  transformation  in  vivo. 

•  We  have  demonstrated  that  abnormal  Wnt  signaling  associated  with  laforin 
down-regulation  is  a  causal  event  for  the  malignant  transformation  mediated 
by  laforin-down  regulation. 

•  We  have  performed  loss  of  heterozygosity  (LOH)  analysis  in  50  cases  of 
ductal  carcinoma  of  the  breast.  The  results  showed  that  LOH  at  the  EPM2a 
gene  locus  was  62%. 
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(7)  Reportable  Outcomes:  / 

1.  Manuscript  submitted  to  Cell  (revision):  Laforin  is  a  phosphatase  for  glycogen 
synthase  kinase-3[3  and  suppresses  tumor  growth  by  modulating  Wnt  signaling.  Attached 
as  appendix. 

2.  Poster  presentation  by  Pan  Zheng  at  “Era  of  Hope  2005”,  June  8-11, 2005.  Laforin  is  a 
phosphatase  for  glycogen  synthase  kinase-3p  and  suppresses  tumor  growth  by 
modulating  Wnt  signaling. 
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(8)  Conclusions: 

In  summary,  we  have  made  important  progress  during  the  one  year 
funding  period  to  achieve  our  goal.  We  have  followed  the  Statement  of  Work 
closely.  We  have  completed  the  Task  1,  2  and  made  important  and  promising 
progress  in  Task  3-6.  Taken  together,  we  made  major  effort  on  the  basic  research 
to  firmly  establish  the  role  of  laforin  as  a  tumor  suppressor.  We  showed  that 
silencing  the  Epm2a  gene  (which  encodes  laforin)  in  the  bone  marrow  stem  cells 
resulted  in  a  dramatic  increase  in  the  self-renewal  of  the  hematopoietic  stem  cells 
in  methylcellulose  assay  in  vitro  and  in  the  tendency  for  hematological 
malignancy  transformation  in  vivo.  We  have  demonstrated  that  abnormal  Wnt 
signaling  associated  with  laforin  down-regulation  is  a  causal  event  for  the 
malignant  transformation  mediated  by  laforin-down  regulation.  The  results, 
together  with  our  preliminary  work  in  establishing  laforin  as  the  specific 
phosphatase  for  GSK-3b,  have  summarized  in  a  manuscript  that  Cell  reviewed 
and  requested  a  revision.  The  revised  manuscript  is  attached  as  appendix. 


12 


Principal  Investigator:  Pan  Zhem,  MD,  PhD 


(9)  References: 


1.  Knudson,  A.  G.,  Jr.  Mutation  and  cancer:  statistical  study  of  retinoblastoma.  Proc 
Natl  Acad  Sci  U  S  A  68: 820-3.  1971. 

2.  Knudson,  A.  G.,  Jr.,  Hethcote,  H.  W.,  and  Brown,  B.  W.  Mutation  and  childhood 
cancer:  a  probabilistic  model  for  the  incidence  of  retinoblastoma.  Proc  Natl  Acad 
Sci  US  A  72:5116-20.  1975. 

3.  Hanahan,  D.,  and  Weinberg,  R.  A.  The  hallmarks  of  cancer.  Cell  100: 57-70. 

2000. 

4.  Haber,  D.,  and  Harlow,  E.  Tumour-suppressor  genes:  evolving  definitions  in  the 
genomic  age.  Nat  Genet  7(5:320-2.  1997. 

5.  Paige,  A.  J.  Redefining  tumour  suppressor  genes:  exceptions  to  the  two-hit 
hypothesis.  Cell  Mol  Life  Sci  <50:2147-63.  2003. 

6.  Li,  Q.  L.,  Ito,  K.,  Sakakura,  C.,  Fukamachi,  H.,  Inoue,  K.,  Chi,  X.  Z.,  Lee,  K.  Y., 
Nomura,  S.,  Lee,  C.  W.,  Han,  S.  B.,  Kim,  H.  M.,  Kim,  W.  J.,  Yamamoto,  H., 
Yamashita,  N.,  Yano,  T.,  Ikeda,  T.,  Itohara,  S.,  Inazawa,  J.,  Abe,  T.,  Hagiwara, 

A.,  Yamagishi,  H.,  Ooe,  A.,  Kaneda,  A.,  Sugimura,  T.,  Ushijima,  T.,  Bae,  S.  C., 
and  Ito,  Y.  Causal  relationship  between  the  loss  of  RUNX3  expression  and  gastric 
cancer.  Cell  109 :\  13-24.  2002. 

7.  Balmain,  A.  Cancer:  new-age  tumour  suppressors.  Nature  41 7:235-7.  2002. 

8.  Ganesh,  S.,  Delgado-Escueta,  A.  V.,  Sakamoto,  T.,  Avila,  M.  R.,  Machado-Salas, 
J.,  Hoshii,  Y.,  Akagi,  T.,  Gomi,  H.,  Suzuki,  T.,  Amano,  K.,  Agarwala,  K.  L., 
Hasegawa,  Y.,  Bai,  D.  S.,  Ishihara,  T.,  Hashikawa,  T.,  Itohara,  S.,  Comford,  E. 
M.,  Niki,  H.,  and  Yamakawa,  K.  Targeted  disruption  of  the  Epm2a  gene  causes 
formation  of  Lafora  inclusion  bodies,  neurodegeneration,  ataxia,  myoclonus 
epilepsy  and  impaired  behavioral  response  in  mice.  Hum  Mol  Genet  77:1251-62. 
2002. 

9.  Serratosa,  J.  M.,  Delgado-Escueta,  A.  V.,  Posada,  I.,  Shih,  S.,  Drury,  I.,  Berciano, 
J.,  Zabala,  J.  A.,  Antunez,  M.  C.,  and  Sparkes,  R.  S.  The  gene  for  progressive 
myoclonus  epilepsy  of  the  Lafora  type  maps  to  chromosome  6q.  Hum  Mol  Genet 
4:1657-63.  1995. 

10.  Serratosa,  J.  M.,  Gomez-Garre,  P.,  Gallardo,  M.  E.,  Anta,  B.,  de  Bernabe,  D.  B., 
Lindhout,  D.,  Augustijn,  P.  B.,  Tassinari,  C.  A.,  Malafosse,  R.  M.,  Topcu,  M., 
Grid,  D.,  Dravet,  C.,  Berkovic,  S.  F.,  and  de  Cordoba,  S.  R.  A  novel  protein 
tyrosine  phosphatase  gene  is  mutated  in  progressive  myoclonus  epilepsy  of  the 
Lafora  type  (EPM2).  Hum  Mol  Genet  5:345-52.  1999. 

1 1 .  Minassian,  B.  A.,  Lee,  J.  R.,  Herbrick,  J.  A.,  Huizenga,  J.,  Soder,  S.,  Mungall,  A. 
J.,  Dunham,  I.,  Gardner,  R.,  Fong,  C.  Y.,  Carpenter,  S.,  Jardim,  L.,  Satishchandra, 
P.,  Andermann,  E.,  Snead,  O.  C.,  3rd,  Lopes-Cendes,  I.,  Tsui,  L.  C.,  Delgado- 
Escueta,  A.  V.,  Rouleau,  G.  A.,  and  Scherer,  S.  W.  Mutations  in  a  gene  encoding 
a  novel  protein  tyrosine  phosphatase  cause  progressive  myoclonus  epilepsy.  Nat 
Genet  20:171-4.  1998. 

12.  Sheng,  Z.  M.,  Marchetti,  A.,  Buttitta,  F.,  Champeme,  M.  H.,  Campani,  D., 
Bistocchi,  M.,  Lidereau,  R.,  and  Callahan,  R.  Multiple  regions  of  chromosome  6q 
affected  by  loss  of  heterozygosity  in  primary  human  breast  carcinomas.  Br  J 
Cancer  75:144-7.  1996. 


13 


Principal  Investigator:  Pan  Zhens.  MD,  PhD 


13.  Devilee,  P.,  van  Vliet,  M.,  van  Sloun,  P.,  Kuipers  Dijkshoom,  N.,  Hermans,  J., 
Pearson,  P.  L.,  and  Cornelisse,  C.  J.  Allelotype  of  human  breast  carcinoma:  a 
second  major  site  for  loss  of  heterozygosity  is  on  chromosome  6q.  Oncogene 
<5/1705-11.  1991. 

14.  Tibiletti,  M.  G.,  Furlan,  D.,  Taborelli,  M.,  Facco,  C.,  Riva,  C.,  Franchi,  M.,  Cossu, 
A.,  Trubia,  M.,  Taramelli,  R.,  and  Capella,  C.  Microsatellite  instability  in 
endometrial  cancer:  relation  to  histological  subtypes.  Gynecol  Oncol  73/247-52. 
1999. 

15.  Tibiletti,  M.  G.,  Bemasconi,  B.,  Taborelli,  M.,  Furlan,  D.,  Fabbri,  A.,  Franchi,  M., 
Taramelli,  R.,  Trubia,  M.,  and  Capella,  C.  Involvement  of  chromosome  6  in 
endometrial  cancer.  Br  J  Cancer  75/1831-5.  1997. 

16.  Cooney,  K.  A.,  Wetzel,  J.  C.,  Consolino,  C.  M.,  and  Wojno,  K.  J.  Identification 
and  characterization  of  proximal  6q  deletions  in  prostate  cancer.  Cancer  Res 
5(5/4150-3.  1996. 

17.  Gerard,  B.,  Cave,  H.,  Guidal,  C.,  Dastugue,  N.,  Vilmer,  E.,  and  Grandchamp,  B. 
Delineation  of  a  6  cM  commonly  deleted  region  in  childhood  acute  lymphoblastic 
leukemia  on  the  6q  chromosomal  arm.  Leukemia  77/228-32.  1997. 

18.  Walker,  G.  J.,  Palmer,  J.  M.,  Walters,  M.  K.,  Nancarrow,  D.  J.,  Parsons,  P.  G., 
and  Hayward,  N.  K.  Simple  tandem  repeat  allelic  deletions  confirm  the 
preferential  loss  of  distal  chromosome  6q  in  melanoma.  Int  J  Cancer  55/203-6. 
1994. 

19.  Mertens,  F.,  Johansson,  B.,  Hoglund,  M.,  and  Mitelman,  F.  Chromosomal 
imbalance  maps  of  malignant  solid  tumors:  a  cytogenetic  survey  of  3185 
neoplasms.  Cancer  Res  57/2765-80.  1997. 

20.  Nishizaki,  T.,  DeVries,  S.,  Chew,  K.,  Goodson,  W.  H.,  3rd,  Ljung,  B.  M.,  Thor, 
A.,  and  Waldman,  F.  M.  Genetic  alterations  in  primary  breast  cancers  and  their 
metastases:  direct  comparison  using  modified  comparative  genomic  hybridization. 
Genes  Chromosomes  Cancer  79/267-72.  1997. 

21.  Noviello,  C.,  Courjal,  F.,  and  Theillet,  C.  Loss  of  heterozygosity  on  the  long  arm 
of  chromosome  6  in  breast  cancer:  possibly  four  regions  of  deletion.  Clin  Cancer 
Res  2/1601-6.  1996. 

22.  Orphanos,  V.,  McGown,  G.,  Hey,  Y.,  Boyle,  J.  M.,  and  Santibanez-Koref,  M. 
Proximal  6q,  a  region  showing  allele  loss  in  primary  breast  cancer.  Br  J  Cancer 
77/290-3.  1995. 

23.  Theile,  M.,  Seitz,  S.,  Arnold,  W.,  Jandrig,  B.,  Frege,  R.,  Schlag,  P.  M.,  Haensch, 
W.,  Guski,  H.,  Winzer,  K.  J.,  Barrett,  J.  C.,  and  Schemeck,  S.  A  defined 
chromosome  6q  fragment  (at  D6S310)  harbors  a  putative  tumor  suppressor  gene 
for  breast  cancer.  Oncogene  73/677-85.  1996. 

24.  Fujii,  H.,  Zhou,  W.,  and  Gabrielson,  E.  Detection  of  frequent  allelic  loss  of  6q23- 
q25.2  in  microdissected  human  breast  cancer  tissues.  Genes  Chromosomes 
Cancer  7(5/35-9.  1996. 

25.  Van  Hoof,  F.,  and  Hageman-Bal,  M.  Progressive  familial  myoclonic  epilepsy 
with  Lafora  bodies.  Electron  microscopic  and  histochemical  study  of  a  cerebral 
biopsy.  Acta  Neuropathol  (Berl)  7/315-36.  1967. 

26.  Rodriguez,  C.,  Causse,  A.,  Ursule,  E.,  and  Theillet,  C.  At  least  five  regions  of 
imbalance  on  6q  in  breast  tumors,  combining  losses  and  gains.  Genes 
Chromosomes  Cancer  27/76-84.  2000. 


14 


Principal  Investigator:  Pan  Zhens,  MD.  PhD 


27.  Dietmaier,  W.,  Hartmann,  A.,  Wallinger,  S.,  Heinmoller,  E.,  Kerner,  T.,  Endl,  E., 
Jauch,  K.  W.,  Hofstadter,  F.,  and  Ruschoff,  J.  Multiple  mutation  analyses  in 
single  tumor  cells  with  improved  whole  genome  amplification.  Am  J  Pathol 
154: 83-95.  1999. 

28.  Wang,  V.  W.,  Bell,  D.  A.,  Berkowitz,  R.  S.,  and  Mok,  S.  C.  Whole  genome 
amplification  and  high-throughput  allelotyping  identified  five  distinct  deletion 
regions  on  chromosomes  5  and  6  in  microdissected  early-stage  ovarian  tumors. 
Cancer  Res  <57:4169-74.  2001. 


15 


Editorial  Manager(tm)  for  Cell 
Manuscript  Draft 


Manuscript  Number:  CELL-D-04-01049R1 

Title:  Laforin  is  a  phosphatase  for  glycogen  synthase  kinase-3  beta  and  suppresses  tumor  growth  by 
modulating  Wnt  signaling 

Article  Type:  Research  Article 

Section/Category: 

Keywords:  Protein  phosphatase;  glycogen  synthase  kinase-3  beta;  Wnt  signaling  pathway;  tumor 
suppressor. 

Corresponding  Author:  Pan  Zheng,  MD,  PhD 
Corresponding  Author's  Institution:  The  Ohio  State  University 
First  Author:  Ying  Wang,  PhD 

Order  of  Authors:  Ying  Wang,  PhD;  Yan  Liu,  PhD;  Cindy  Wu;  Huiming  Zhang;  Xincheng  Zheng,  MD;  Zhi 
Zheng,  PhD;  Terrence  L  Geiger,  MD,  PhD;  Yang  Liu,  PhD;  Pan  Zheng,  MD,  PhD 

Manuscript  Region  of  Origin: 

Abstract:  Glycogen  synthase  kinase  3  (GSK-3)  is  a  critical  component  for  several  important  signal 
transduction  pathways  that  control  cellular  metabolism,  growth,  and  transformation.  GSK-3  targets  a  wide 
array  of  substrates  that  are  implicated  in  human  cancer  and  other  diseases.  GSK-3p  kinase  is  inactivated  by 
phosphorylation,  specifically  at  serine  9  by  protein  kinase  B/Akt.  A  counteracting  phosphatase  for  this  has 
not  been  identified.  Here  we  report  that  laforin,  a  dual-specificity  phosphatase  which  is  mutated  in  Lafora's 
progressive  myoclonus  epilepsy,  is  a  phosphatase  for  GSK-3p  and  an  important  modulator  in  Wnt  signaling 
pathway.  Moreover,  laforin  is  a  tumor  suppressor  as  disruption  of  its  expression  leads  to  development  of 
tumor,  while  its  over-expression  suppresses  tumor  growth. 


*  Manuscript 


Laforin  is  a  phosphatase  for  glycogen  synthase  kinase-3j3 
and  suppresses  tumor  growth  by  modulating  Wnt  signaling 

Yin  Wang1#,  Yan  Liu1#,  Cindy  Wu,1  Huiming  Zhang1,  Xincheng  Zheng1,  Zhi  Zheng2, 
Terrence  L.  Geiger3,  Yang  Liu1*  and  Pan  Zheng1* 

’Division  of  Cancer  Immunology,  Department  of  Pathology  and  Comprehensive  Cancer 
Center,  Ohio  State  University  Medical  Center,  Columbus,  OH  43210 

w 

Department  of  Pathology,  St.  Jude  Children’s  Research  Hospital,  Memphis,  TN  38105 
#These  authors  contributed  equally  to  this  work. 

2Current  address:  289  Merrill  Ave,  Fremont,  CA  94539. 

*Correspondence  and  requests  for  materials  should  be  addressed  to: 

Pan  Zheng  and  Yang  Liu 

Division  of  Cancer  Immunology,  Department  of  Pathology,  Ohio  State  University  Medical 
Center,  129  Hamilton  Hall,  1645  Neil  Avenue,  Columbus,  OH  43210. 

PH:  614-292-2003;  FAX:  614-688-8152;  e-mail:  zheng-1  @medctr.osu.edu  or  liu- 
3@medctr.osu.edu 


1 


Summary 


Glycogen  synthase  kinase  3  (GSK-3)  is  a  critical  component  for  several  important  signal 
transduction  pathways  that  control  cellular  metabolism,  growth,  and  transformation. 
GSK-3  targets  a  wide  array  of  substrates  that  are  implicated  in  human  cancer  and  other 
diseases.  GSK-3P  kinase  is  inactivated  by  phosphorylation,  specifically  at  serine  9  by 
protein  kinase  B/Akt.  A  counteracting  phosphatase  for  this  has  not  been  identified.  Here 
we  report  that  laforin,  a  dual-specificity  phosphatase  which  is  mutated  in  Lafora’s 
progressive  myoclonus  epilepsy,  is  a  phosphatase  for  GSK-3P  and  an  important 
modulator  in  Wnt  signaling  pathway.  Moreover,  laforin  is  a  tumor  suppressor  as 
disruption  of  its  expression  leads  to  development  of  tumor,  while  its  over-expression 
suppresses  tumor  growth. 
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Introduction 


GSK-3  was  discovered  over  20  years  ago  as  one  of  several  protein  kinases  that 
phosphorylated  and  inactivated  glycogen  synthase  (Cohen  and  Frame,  2001;  Frame  and 
Cohen,  2001).  Accumulating  evidence  demonstrates  that  GSK-3  is  involved  in  a  wide  range 
of  cellular  processes,  ranging  from  glycogen  metabolism  to  cell  cycle  regulation  and 
proliferation  (Doble  and  Woodgett,  2003;  Manoukian  and  Woodgett,  2002;  Woodgett,  2001). 
GSK-3P  activity  is  regulated  by  phosphorylation.  GSK-3P  kinase  is  constitutively  active  in 
resting  cells  and  is  inactivated  by  phosphorylation  at  Ser  9  position  by  kinases  such  as  protein 
kinase  B  (PKB)/Akt  upon  stimulation  by  insulin  or  growth  factors  (Alessi  and  Downes,  1998; 
Alessi  et  al.,  1997b;  Cross  et  al.,  1995).  Although  a  phosphatase  specific  for  the  Ser  9 
position  should  positively  regulate  GSK-3 p  activity,  no  specific  phosphatase  has  been 
identified. 

GSK-3P  is  also  a  major  component  of  the  Wnt  signaling  pathway  that  influences  cell 
growth,  differentiation,  migration  and  fate  (Miller,  2002;  Peifer  and  Polakis,  2000;  Polakis, 
2000).  In  this  pathway,  P-catenin  mediates  the  transmission  of  a  Wnt  signal  into  the  nucleus 
and  the  subsequent  activation  of  target  genes  (Behrens  et  al.,  1996;  Bhanot  et  ah,  1996;  He  et 
ah,  1997;  Molenaar  et  ah,  1996).  In  the  absence  of  Wnt  signals,  a  cytoplasmic  protein 
complex,  consisting  of  Axin,  APC,  P-catenin,  GSK-3P,  protein  phosphatase  2Ac,  Dishevelled 
and  casein  kinase  I,  promotes  the  ubiquitination  and  subsequent  degradation  of  P-catenin  via 
the  proteasome  (Ikeda  et  ah,  1998;  Peifer  and  Polakis,  2000;  Zeng  et  ah,  1997).  GSK-3P 
phosphorylates  the  critical  residues  in  the  N-terminal  region  of  P-catenin  that  are  essential  for 
its  binding  to  P-TrCP  that  leads  to  the  protein  degradation  of  P-catenin  (Amit  et  ah,  2002;  Liu 
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et  al.,  2002;  Yanagawa  et  al.,  2002) .  Mutations  in  (3-catenin  affecting  the  phosphorylation  are 
found  in  a  variety  of  human  cancers  (Polakis,  2000).  Interestingly,  Ding  et  al.  suggested  that 
phosphorylation  of  GSK-3|3  at  Ser  9  is  neither  necessary  nor  sufficient  for  Wnt  signaling 
(Ding  et  al.,  2000).  In  support  of  this  notion,  mice  with  knock-in  of  the  GSK3  mutants 
lacking  the  critical  phosphorylation  sites  (Ser21  for  a  and  Ser  9  for  B)  had  a  normal  response 
to  Wnt  but  reduced  glycogen  synthase  response  to  insulin  (McManus  et  al..  20051.  This 
suggestion,  however,  does  not  fully  explain  several  lines  of  observations.  First,  a  mutation  in 
the  GSK-3P  Arg96  (R96A)  that  disrupts  the  binding  pocket  for  the  priming  phosphate 
markedly  increased  P-catenin  accumulation  (Hagen  et  al.,  2002).  Second,  several  reports 
showed  a  critical  role  for  the  priming  phosphorylation  of  p-catenin  in  Wnt  signaling  (Amit  et 
al.,  2002;  Liu  et  al.,  2002;  Yanagawa  et  al.,  2002).  Since  the  Ser  9  blocks  the  GSK-3P  pocket 
for  the  priming  phosphate  (Dajani  et  al.,  2001;  Frame  et  al.,  2001),  it  is  likely  that  the  Ser  9 
phosphorylation  modulates  Wnt  signaling.  In  support  of  this  notion,  Ossipova  et  al.  reported 
that  LKB1/XEEK1,  a  tumor  suppressor  gene,  regulates  Wnt  signaling  by  modulating  GSK-3P 
phosphorylation  at  Ser  9  (Ossipova  et  al.,  2003).  It  is  therefore  possible  that  Ser  9  or  Ser  21 
phosphorylation  of  GSK-3  may  regulate  Wnt  signaling  under  some,  although  not  all, 
circumstances.  However,  no  phosphatase  has  been  identified  that  directly  regulates  GSK-3P 
Ser  9  phosphorylation  in  the  Wnt  signaling  pathway. 

The  EPM2a  gene  was  first  identified  as  its  mutation  causes  Lafora’s  progressive 
myoclonus  epilepsy,  an  uncommon  neurological  disorder  usually  fatal  before  the  patient 
reaches  20  years  of  age  (Minassian,  2001;  Minassian,  2002;  Minassian  et  al.,  1998;  Serratosa 
et  al.,  1999a;  Serratosa  et  al.,  1999b).  Recent  studies  have  demonstrated  that  EPM2a  gene 
encodes  a  dual-specific  phosphatase  and  that  mutations  in  either  the  kinase  domain  or  its 
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carbohydrate-binding  domain  can  be  found  in  patients  (Wang  et  al.,  2002).  Although  defects 
in  the  EPM2a  gene  have  not  been  implicated  in  cancers,  EPM2a  is  located  in  6q24  of  the 
human  genome  (Minassian  et  al.,  1998;  Serratosa  et  al.,  1995;  Serratosa  et  al.,  1999b)  where 
deletions  or  LOH  were  reported  in  cancers  from  a  large  number  of  different  organs  including 
carcinomas  of  the  breast  (Devilee  et  al.,  1991;  Sheng  et  al.,  1996),  endometrium  (Tibiletti  et 
al.,  1997;  Tibiletti  et  al.,  1999),  prostate  (Cooney  et  al.,  1996),  lymphomas  and  leukemias 
including  AIDS-associated  Ivmphomaf Gerard  et  al.,  1997;  Pastore  et  al.,  1996;  Zhang  et  al., 
1997),  and  melanomas(Walker  et  al.,  1994). 

The  T  cell  receptor  (TCR)  transgenic  mice  have  random  co-integration  of  the  genes 
encoding  for  the  a  and  (3  chains  of  the  TCR  into  the  genome.  Because  of  the  allelic  exclusion, 
expression  of  the  transgenic  TCR  represses  the  endogenous  TCR  repertoire  and  renders  mice 
deficient  in  T  cell  immunity  to  tumors  and  infections.  The  immunodeficiency  may  be 
responsible  for  the  fact  that  some  TCR  transgenic  mice  have  low  incidence  of  thymoma  late  in 
life  (around  2  years  of  age)  (Reimann  et  al.,  1994).  We  made  a  serendipitous  observation  that 
one  line  of  B10.BR  TCR  transgenic  mice,  called  TG-B  mice(Geiger  et  al.,  1992),  developed  T 
cell  lymphoma  with  almost  100%  penetrance  within  6  months.  By  position  cloning,  we  found 
that  the  transgenes  were  inserted  in  intron  1  of  the  EPM2a  gene  and  caused  its  inactivation. 
These  observations  prompted  us  to  study  the  function  of  laforin  in  signal  transduction  of 
tumorigenesis.  Here  we  report  that  laforin  is  the  phosphatase  for  GSK-3(3,  an  important 
modulator  of  Wnt  signaling  and  a  tumor  suppressor. 
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Results 


Transgene  insertion  to  and  hypermethylation  of  EPM2a  gene  induces  spontaneous 
lymphoma  in  TG-B  transgenic  mice 

The  TG-B  transgenic  mice  used  in  this  study  have  rearranged  T  cell  receptor  a  and  p- 
chain  genes  isolated  from  a  clonal  CD8+  cytotoxic  T  cell  line.  The  TCR  transgenes  were 
integrated  into  the  genome  of  the  B10.BR  (H-2k)  mice  (Geiger  et  al.,  1992).  Surprisingly,  the 
heterozygous  TG-B  mice  had  high  incidence  of  lymphoma  regardless  of  sex.  The  maximal 
survival  time  for  TG-B  mice  was  9  months  with  a  median  survival  time  of  6  months  (Fig.  1  A), 
The  lymphoma  in  TG-B  mice  was  first  seen  in  lymphoid  organs,  including  the  thymus,  spleen 
and  lymph  nodes  (Fig.  IB).  As  the  cancer  progressed,  the  tumor  cells  infiltrated  other  organs, 
such  as  liver,  kidney  (Fig.  1C),  lung,  pancreas,  intestines  and  salivary  glands  (data  not 
shown).  Further  characterization  of  malignant  cells  revealed  that  the  immunophenotype  of  the 
T  cell  lymphoma  varied  between  animals  suggesting  that  transformation  occurred  at  various 
stages  in  T  cell  development  (data  not  shown). 

To  test  if  the  genetic  background  of  mice  affects  tumor  incidence,  we  produced  the 
TG-BxC57BL/6  FI  mice  and  monitored  their  tumor  incidence.  Although  T  cell  development 
in  the  FI  mice  was  normal  (Zheng  et  al.,  2002),  significant  reductions  were  observed  in  both 
incidence  and  onset  in  the  FI  mice  in  comparison  to  the  TG-B  mice  (Fig.  1A).  This  result 
demonstrates  that  the  C57BL/6  mice  had  dominant  genetic  modifiers  for  the  development  of 
lymphoma,  although  close  to  50%  of  the  FI  mice  still  developed  lymphoma  within  one  year. 

In  order  to  understand  the  mechanism  of  tumorigenesis  in  these  mice,  we  first 
determined  the  integration  site  of  the  transgene  by  fluorescence  in  situ  hybridization  (FISH) 
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using  a  biotin  labelled  DNA  fragment  probe  from  the  TCR  a  chain  constant  region  (Heng  et 
al.,  1992).  DAPI  banding  was  performed,  and  a  strong  signal  was  identified  on  one  of  the  two 
chromosome  10  (Fig.  2A).  The  strong  signal  was  localized  to  region  10A2  based  on  the 
summary  of  10  images  (data  not  shown).  Two  weaker  FISH  signals  were  detected,  One  on 
each  copy  of  chromosome  14,  consistent  with  the  location  of  the  endogenous  TCRa  genes. 
Fine  mapping  of  integration  sites  was  performed  by  the  TOPO®  Walker  method  (Shuman, 
1994).  PCR  products  using  the  TOPO®Linker  primers  and  the  gene  specific  sequence  primers 
from  both  3’  and  5’  termini  of  the  TCR  a  and  TCR  P  transgenes  were  cloned  and  sequenced. 
Three  independent  experiments  revealed  that  the  TCR  a  transgene  was  inserted  into  the  intron 
1  of  EPyM2a ,  which  encodes  laforin,  a  dual  specific  protein  phosphatase  (Fig.  2B)  (Minassian 
et  al.,  1998;  Serratosa  et  al.,  1999b).  Further  PCR  analysis  using  primers  corresponding  to  the 
3’  terminus  of  the  TCRa  transgene  and  the  5’  terminus  of  the  TCRP  transgene  confirmed  that 
these  genes  were  co-integrated  into  chromosome  10  in  TG-B  mice  (Fig.  2C).  The  integration 
was  confirmed  by  PCR  using  primers  outside  the  sequence  identified  by  the  TOPO®Walker 
method  (data  not  shown)  and  by  Southern  blot  using  the  sequence  adjacent  to  the  integration 
site  as  probe  (Fig.  2D).  Additional  chromosomal  walking  with  the  13-chain  probe  failed  to 
identify  other  integration  sites  for  the  TCR  B  construct  (Data  not  shown). 

To  determine  whether  the  integration  of  the  TCR  transgene  inhibited  expression  of  the 
EPM2a  gene,  we  examined  the  expression  of  the  EPM2a  gene  in  the  thymi  of  nontransgenic 
(Ntg),  transgenic  littermates  with  no  tumor  (Tg)  and  transgenic  mice  that  developed 
lymphoma  (Tg-Tu).  Based  on  RT-PCR  amplification  of  full  length  transcript,  EPM2a  was 
expressed  at  significant  levels  in  nontransgenic  and  transgenic  littermates.  However,  its 
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expression  in  Tg-Tu  lymphoma  cells  was  greatly  reduced  (Fig.  3A).  We  analyzed  EPM2a 
gene  product,  laforin,  by  Western  blot  using  a  polyclonal  antibody  against  laforin.  We 
showed  that  laforin  was  expressed  in  Tg  mice  with  approximately  half  of  the  amount  in  NTg 
mice,  but  was  absent  in  the  transgenic  mice  that  developed  lymphoma  (Tg-Tu)  (Fig.  3B). 

This  method  also  revealed  the  down-regulation  of  the  laforin  in  the  majority  of  the  murine  T 
and  B  cell  lymphoma  cell  lines  that  we  tested  (Fig.  3C).  Thus,  tumorigenesis  was  consistently 
associated  with  altered  laforin  gene  expression. 

We  have  used  PCR  to  distinguish  the  junction  region  of  the  transgenic  and  wild-type 
alleles.  Surprisingly,  no  homozygous  mice  were  identified  in  over  more  than  60  offspring 
tested,  including  both  healthy  and  moribund  mice.  Further,  preliminary  analysis  of  embryos 
from  day  8  on  also  failed  to  identify  a  homozygous  embryo.  These  data  suggest  that 
homozygous  integration  causes  early  embryonic  lethality.  Interestingly,  the  high  tumor 
incidence  and  lack  of  laforin  documented  in  Fig.  1A  was  observed  in  heterozygous  mice. 
Since  the  wild  type  allele  was  not  deleted  in  the  tumor  cells  lacking  laforin  expression  (data 
not  shown),  it  may  have  been  silenced  by  epigenetic  mechanisms.  The  EPM2a  gene  contains 
a  1.2  kb  5’-CpG  island  that  spans  the  promoter  region,  exon  1  and  part  of  intron  1  (Fig.  4A). 
To  determine  if  DNA  hypermethylation  is  an  epigenetic  mechanism  for  laforin  gene  down- 
regulation  in  TG-B  lymphoma,  we  treated  the  genomic  DNA  with  bisulfite  and  sequenced  4 
PCR  products  covering  102  CpG  di-nucleotides  within  the  5’-CpG  island.  Our  preliminary 
analyses  of  tumor  samples  indicated  that  a  333-bp  fragment  was  the  most  frequently 
methylated  area  (data  not  shown).  We  therefore  focused  on  this  region  and  examined  six  TG- 
B  mice  that  developed  lymphoma  and  six  TG-B  mice  that  had  not  developed  tumors.  Based 
on  methylation-mediated  protection  of  C>T  conversion  by  the  sodium  bisulfite,  we  identified 
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the  methylated  CpG  di-nucleotides.  As  illustrated  in  Fig.  4B,  extensive  hypermethylation  was 
found  in  the  EPM2a  gene  of  all  six  lymphoma  samples.  In  contrast,  none  of  the  normal  thymi 
had  methylation  in  this  region.  Our  survey  of  multiple  mouse  lymphoma  cell  lines  revealed 
that  depression  in  the  EPM2a  gene  was  wide-spread  among  lymphomas  (Fig.  3C).  Moreover, 
treatment  with  methyl-transferase  inhibitor  5-aza-2’-deoxycytidine  increased  EPM2a 
expression  (Fig.  4C  and  data  not  shown).  To  test  whether  hypermethylation  of  the  EPM2a 
promoter  was  responsible  for  repression  of  the  EPM2a  gene,  we  compared  3  non-lymphoid 
tumor  cell  lines  with  3  T  lymphoma  cell  lines  for  constitutive  and  5-aza-2’-deoxycytidine- 
induced  EPM2a  expression.  At  the  same  time,  EPM2a  promoter  hypermethylation  was 
determined  by  quantitative  real-time  PCR  based  on  susceptibility  to  a  methylation-sensitive 
restriction  enzyme.  As  shown  in  Fig.  4C,  EPM2a  was  constitutively  expressed  at  high  levels 
in  mastocytoma  cell  line  P815,  colon  cancer  cell  line  MC38  and  fibrosarcoma  Meth  A. 
Treatment  with  5-aza-2’-deoxycytidine  had  little  effect  on  EPM2a  expression  in  these  3  cell 
lines.  The  EPM2a  promoter  region  in  these  three  cell  lines  was  not  methylated  as  shown  in 
Fig.  4D  that  the  real  time  PCR  failed  to  amplify  the  promoter  region  due  to  the  methylation- 
sensitive  restrictive  enzyme  Sac  II  activity  that  cut  more  than  99%  of  the  EPM2a  promoter.  In 
contrast,  in  three  T  lymphoma  cell  lines  tested,  the  EPM2a  promoter  region  was  completely 
resistant  to  Sac  II  enzyme  activity  and  real  time  PCR  successfully  amplified  the  promoter 
region  (Fig.  4D).  Correspondingly,  very  little  constitutive  expression  of  EPM2a  was  found, 
and  5-aza-2’-deoxycytidine  substantially  induced  EPM2a  expression  among  the  three  T 
lymphoma  cell  lines,  although  the  induction  in  the  EL-4  cell  line  was  less  than  in  others  (Fig, 
40.  These  data  are  consistent  with  the  notion  that  hypermethylation  is  responsible  for 
EPM2a  down-regulation  among  T  lymphomas. 
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The  transgene  expression  may  potentially  activate  genes  in  the  area.  There  are  two 
genes  within  300kb  to  the  transgene  integration  site.  The  proximal  gene  is  56  kb  away  from 
the  integration  site  and  encodes  a  protein  that  contains  an  F-box  domain  (mCG16603),  while 
the  other  gene  is  135  kb  from  the  integration  site  (mCGl  40768)  (Fig.  SI  A).  We  performed 
RNase  protection  assay  to  determine  the  mRNA  expression  of  these  two  genes.  The 
expression  level  of  the  distal  gene  (mCG140768)  was  not  affected  by  transgene  or  lymphoma 
development,  while  the  expression  of  the  proximal  gene  (mCG  16603)  was  up-regulated  by  the 
transgene  regardless  of  lymphoma  formation  (Fig.  SIB).  We  tested  this  possibility  by 
producing  8  independent  founders  of  transgenic  mice  that  express  mCG  16603  under  the 
control  of  a  proximal  lek  promoter,  which  resulted  in  high  levels  of  expression  in  the  thymus. 
None  of  the  mice  developed  lymphoma  up  to  22  months  of  observation  (Fig.  SIC).  The 
offspring  of  one  of  the  founders  were  observed  over  a  one-vear  period.  Although  the 
mCG  16603  is  expressed  at  much  higher  level  than  in  the  TG-B  mice  (Fig.  S1DT  no 
lymphoma  was  observed  in  12  mice  observed  over  a  45-61  week  period  (Fig.  S1CT  Thus,  the 
lymphoma  development  in  TG-B  mice  is  unlikely  due  to  the  abnormal  expression  of  other 
genes  near  the  integration  site. 

To  test  whether  inactivation  of  the  EPM2a  gene  is  sufficient  to  cause  abnormal  cell 
growth,  we  tested  the  consequences  of  silencing  the  EPM2a  gene  in  the  bone  marrow  stem 
cells  in  both  methvlcellulose  assay  in  vitro  and  bone  marrow  reconstitution  in  vivo. 
Unmanipulated  murine  bone  marrow  has  a  finite  ability  to  serially  replate  in  methylcellulose 
cultures  supplemented  with  cytokines  (Lavau  et  al„  19971.  We  constructed  lentiviral  vector 
expressing  C-terminal  siRNA  for  EPM2a  or  control  sequence.  Bone  marrow  cells  from 
B10.BR  mice  pretreated  with  5-fluorouracil  (5-FU1  were  transduced  with  the  siRNA  or 
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control  constructs  and  selected  for  blasticidin-resistant  transduced  cells  in  the  first  plating. 
Cells  were  cultured  in  vitro  for  four  serial  replatings  and  the  number  of  colonies  was  counted 
under  microscope.  As  shown  in  Fig.  5A.  the  number  of  colonies  formed  from  104  vector- 
transduced  bone  marrow  cells  steadily  reduced  over  serial  replating.  In  striking  contrast,  cells 
transduced  with  EPM2a  siRNA  had  a  drastic  increase  in  the  number  of  colonies  in  the  third 
and  fourth  round,  most  of  them  tightly  packed.  These  results  demonstrated  that  silencing 
EPM2a  drastically  increased  the  self-renewel  ability  of  the  bone  marrow  stem  cells. 

To  test  whether  silencing  EPM2a  in  the  bone  marrow  cells  can  cause  hematological 
abnormality  in  vivo,  we  injected  the  siRNA  transduced  or  control  vector  transduced  P1CTL 
TCR-transgenic  mouse  bone  marrow  cells  into  irradiated  syngeneic  RAG-2  (-/-)  mice.  The 
mice  were  examined  4  months  after  the  bone  marrow  reconstitution  as  the  mice  in  the  siRNA 
group  started  to  loss  weight  and  had  difficulty  in  breathing.  The  random  integration  of  viral 
constructs  in  bone  marrow  cells  was  confirmed  by  Southern  blot  (Fig.  5BT  Examination  of 
the  bone  marrow  showed  that  in  the  chimera  mice  reconstituted  with  control  vector  transduced 
bone  marrow,  the  myeloid  over  ervthroid  ratio  was  roughly  2:T  this  ratio  was  drastically 
increased  in  4  out  of  5  recipients  of  siRNA-transduced  bone  marrow  cells  (P^O.OOT)  (Fig. 

5CT  The  increased  M/E  ratio  was  mainly  due  to  the  increase  in  mature  and  immature 
neutrophils  and  decreased  ervthroid  cells  in  the  bone  marrow  (Fig.  5D-a-bT  In  addition,  we 
observed  an  increased  cellularity  of  the  bone  marrow  in  the  siRNA-transduced  group  (Tig. 
5Da-b).  The  fifth  recipient  of  siRNA-transduced  bone  marrow  had  about  50%  of  monocytes 
and  monoblasts  in  the  bone  marrow  (Fig.  5D-c)  compared  to  less  than  2%  in  control  group 
(Fig.  5D-a).  which  is  consistent  with  the  diagnosis  of  chronic  mvelomonocvtic  leukemia.  The 
cause  of  respiratory  distress  in  the  recipient  mice  that  received  siRNA  transduced  bone 
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marrow  was  due  to  a  heavy  infiltrate  of  monocytic  cells  and  fibroblastic  proliferation  in  the 
lung  tissue  (Fig.  5D-d  and  insert).  These  results,  taken  together,  demonstrate  that  silencing  of 
EPM2a  resulted  in  mvelodvsplastic  syndrome. 

To  test  whether  the  hematological  malignancy  in  the  TG-B  mice  can  be  complemented 
by  EPM2a ,  we  generated  EPM2a  transgenic  mice  (TVB  background)  under  the  control  of  the 
lek  promoter.  Although  the  FVB  background  was  less  susceptible  to  lymphoma,  about  40%  of 
non-transgenic  FVBxTG-B  succumbed  to  lymphoma  in  one  year.  Complementation  with  the 
EPM2a  transgene  drastically  decreased  the  incidence  and  delayed  the  onset  of  the  lymphoma 
(Fig.  5ET  Thus.  EPM2a  inactivation  is  both  necessary  and  sufficient  for  the  lymphoma  that 
developed  in  the  TG-B  mice. 

To  test  whether  laforin  can  suppress  the  growth  of  other  tumor  cells,  we  transduced 
thymoma  cell  line  BW5147  with  either  vector  alone  or  EPM2a- containing  lentiviral  vectors. 
After  a  short-term  drug  selection,  we  compared  vector  and  EPM?a-transfected  tumor  cells  for 
their  growth  in  vivo.  As  shown  in  Fig.  5F,  the  overexpression  of  laforin  in  EPM2a- 
transfectants  had  substantially  reduced  tumor  growth  in  vivo.  The  tumor  suppression  depends 
on  laforin’s  phosphatase  activity,  as  inactivating  mutation  of  the  phosphatase  (C265S)  (Wang 
et  al„  2002)  abolished  the  tumor  suppression.  We  also  transfected  the  EPM2a  cDNA  into 
B104-1-1,  a  fibroblast  cell  line  transformed  by  PI 85 neu  oncogene  (Schechter  et  al„  1984T 
We  inoculated  the  EPM2a  or  vector  transfected  B104-1-1  cell  lines  into  RAG-2(- /-)  mice  that 
lacked  T  and  B  lymphocytes.  Based  on  the  kinetics  of  tumor  growth,  it  was  clear  that 
overexpression  of  EPM2a  had  a  significant  suppressive  effect  on  B 104-1-1  tumor  growth 
(Fig.  5G). 
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Laforin  is  the  phosphatase  for  GSK3J3 

Because  laforin  suppressed  growth  of  Her-2/Neu-transformed  tumor  cells,  we  explored 
the  possibility  that  laforin  may  be  involved  in  PI-3K/Akt  signaling  pathway.  Activation  of  the 
platelet-derived  growth  factor  (PDGF)  receptor  resulted  in  the  recruitment  of  PI-3K  isoforms 
to  the  inner  surface  of  the  plasma  membrane.  This  leds  to  activation  of  protein  kinase  B/Akt 
(Romashkova  and  Makarov,  1999).  We  therefore  transfected  the  EPM2a  cDNA  into  NIH3T3 
cells  and  evaluated  the  effect  of  laforin  on  platelet-derived  growth  factor  (PDGF)  receptor 
signaling.  We  first  examined  phosphorylation  of  Akt  at  Thr  473  by  3’-phosphoinositide- 
dependent  protein  kinase  (PDK)  (Alessi  et  al.,  1997a).  Activation  and  phosphorylation  of 
PDK  was  not  significantly  affected  by  PDGF  in  NIH3T3  cells,  regardless  of  the  expression  of 
laforin.  As  a  result  of  PDK  recruitment,  significant  Akt  phosphorylation  was  observed 
following  PDGF  stimulation,  and  again,  this  was  only  marginally  affected  by  laforin 
expression  (Fig.  6A  and  Fig.  S3).  Interestingly,  of  the  three  down-stream  targets  of  Akt 
(Datta  et  al.,  1999)  that  we  examined,  namely  FKHR,  AFX  and  GSK-3P,  only  GSK-3P 
phosphorylation  on  Ser  9  was  affected  by  over-expression  of  laforin  (Fig.  6A).  The  effect  was 
highly  selective  as  the  phosphorylation  of  Tyr  216  of  GSK-3P  and  Tyr  279  of  GSK-3a  was 
not  affected  by  laforin  despite  laforin’ s  intrinsic  dual  specificity  (Fig.  6B).  To  determine  the 
effect  of  laforin  expression  on  GSK-3P  activity,  we  precipitated  GSK-3P  and  performed  the  in 
vitro  kinase  assay  to  test  its  ability  to  phosphorylate  recombinant  protein  Tau,  a  known  GSK- 
3p  substrate  (Cho  and  Johnson,  2003).  As  shown  in  Fig.  6C,  PDGF-induced  inhibition  of 
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GSK-3P  kinase  activity  was  blocked  in  laforin-transfected  cells.  This  was  consistent  with  the 
effect  of  laforin  on  Akt-mediated  phosphorylation  of  GSK-3P  at  Ser  9. 

The  selective  effect  of  laforin  on  phosphorylation  of  GSK-3P  at  Ser  9  raised  the 
intriguing  possibility  that  laforin  may  be  a  missing  phosphatase  of  GSK-3p.  We  took  three 
approaches  to  substantiate  this  hypothesis.  First,  we  generated  the  inhibitory  siRNA 
expression  construct  and  used  this  to  eliminate  the  endogenous  laforin  in  transfected  NIH3T3 
cells.  Three  C-terminal  EPM2a  siRNA  stable  transfectants  were  tested  for  transcriptional 
inhibition.  As  shown  in  Fig.  6D,  EPM2a  mRNA  was  reduced  to  levels  undetectable  by  RT- 
PCR.  Elimination  of  laforin  expression  had  no  effect  on  cellular  levels  of  phospho-Akt,  but  as 
a  result  of  siRNA  inhibition  of  laforin,  the  phospho-GSK-3p  became  detectable  even  in  the 
absence  of  PDGF.  Furthermore,  upon  PDGF  stimulation,  levels  of  phospho-GSK-3p  in  cells 
treated  with  siRNA  were  higher  than  those  found  in  vector-transfected  control  cells.  SiRNA 
specific  for  another  region  of  the  EPM2a  gene  partially  reduced  laforin  expression  and  lead  to 
quantitative  changes  in  GSK-3P  phosphorylation  (Supplemental  Fig.  S3A).  The  levels  of 
GSK3P  phosphorylation  at  Ser  9  correlated  closely  with  the  efficiency  of  laforin  knockdown 
(Fig.  S3  A).  In  addition,  the  specificity  of  the  knockdown  is  confirmed,  as  the  biological  effect 
was  restored  by  re  introduction  of  human  laforin,  which  had  two  basepair  mismatch  in  the 
sequence  targeted  by  the  SiRNA  (Supplemental  Fig.  S3B).  Thus,  laforin  controls  GSK-3(3 
phosphorylation  at  Ser  9. 

Secondly,  we  evaluated  whether  GSK-3p  and  laforin  can  physically  associate  with  each 
other.  We  treated  the  vector  and  laforin-transfected  NIH3T3  cells  with  PDGF  and 
immunoprecipitated  GSK-3(3  protein  with  either  control  IgGl  or  a  monoclonal  anti-GSK-3p 
antibody.  The  precipitates  were  analyzed  by  Western  blot  with  either  anti-GSK-3p  antibody 
or  the  anti-V5  antibodies  that  detect  the  V5-tagged  laforin  protein.  As  shown  in  Fig.  6E  upper 
panel,  anti-GSK-3p,  but  not  control  IgGl,  brought  down  both  GSK-3P  and  V5-tagged  laforin 
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proteins  in  the  EPM2a- transfected  cells,  but  not  in  vector  transfected  cells.  Thus,  GSK-3p 
and  laforin  are  associated  in  the  NIH3T3  cells.  To  determine  whether  GSK-3P  associates 
with  endogenous  laforin  protein,  we  precipitated  the  GSK-3P  in  untransfected  NIH3T3  cells 
and  probed  the  precipitates  with  antibody  specific  for  laforin.  As  shown  in  Fig.  6E  lower 
panel,  significant  amounts  of  laforin  was  co-precipitated  with  GSK-3P-  Thus,  laforin 
associates  with  GSK-3P  under  physiological  condition.  The  association  between  GSK-3B  and 
laforin  was  independent  of  the  phosphatase  activity  and  was  independent  of  stimulation  by 
PDGF  (Supplemental  Fig.  S4). 

As  a  third  approach,  we  tested  whether  recombinant  laforin  can  directly 
dephosphorylate  GSK-3P  at  Ser  9  in  vitro.  We  purified  wild-type  or  mutant  laforin  protein 
with  V5  tag  from  293  transfectants  by  anti-V5  antibody  coupled  protein  G  beads.  We  used  the 
BSA-fbovine  serum  albumin)  coupled  synthetic  N-terminal  peptide  of  the  GSK-3B  with 
phosphorvlated  Ser  9  as  substrate.  Ser  9-specific  dephosphorylation  was  detected  using 
antibodies  specific  for  the  phosphorylated  GSK-3B  Ser  9.  As  shown  in  Fig.  6F.  wild-type  but 
not  the  C265S  mutant  laforin  dephosphorylated  the  p-Ser  9  peptide.  The  same  laforin 
preparation,  however,  failed  to  dephosphorylate  Bad,  which  was  phosphorvlated  in  vitro  by  a 
constitutively  active  recombinant  Akt  mutant  protein  (Fig.  6G).  Recombinant  laforin 
expressed  in  bacteria  showed  similar  specificity  (Supplemental  Fig.  S5). 

Laforin  is  an  important  modulator  for  Wnt  signaling 

GSK-3p  is  a  major  component  in  the  Wnt  signaling  pathway  (Cohen  and  Frame,  2001). 
To  understand  how  laforin  may  suppress  tumor  growth,  we  tested  whether  it  may  modulate 
Wnt  signaling.  High  dose  of  recombinant  Wnt3A.  when  combined  with  low  serum,  induced 
phosphorylation  of  GSK-3B.  In  addition,  we  found  that  Wnt-3A  and  PMA  acted 
svnergistically  to  induce  the  phosphorylation  of  GSK-3B  at  Ser  9.  The  synergistic  effect  was 
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inhibited  by  an  inhibitor  of  protein  kinase  C  (Supplemental  Fig.  S6AT  The  PMA  had  no 
effect  on  phosphastase  activity  of  laforin  (Supplemental  Fig.  S6B).  Neither  Wnt3A  nor  PMA 
stimulation  had  any  effect  on  the  physical  association  between  laforin  and  GSK-3B 
(Supplemental  Fig.  S6C).  As  such,  we  have  used  a  suboptimal  dose  of  PMA  in  conjunction 
with  the  Wnt3A.  As  shown  in  Fig.  7A,  expression  of  laforin,  but  not  the  C265S  mutant, 
decreased  Ser  9  phosphorylation  in  GSK-3p  upon  Wnt-3A  stimulation  in  conjunction  with  a 
suboptimal  dose  of  PMA  and  decreased  nuclear  P-catenin  accumulation.  The  functional 
importance  of  laforin  expression  in  P-catenin  activity  was  further  confirmed  by  a  TCF 
reporter  assay  (Korinek  et  al.,  1997),  as  shown  in  Fig.  7B.  Conversely,  silencing  the  laforin 
expression  in  NIH3T3  cells  significantly  increased  the  phosphorylation  of  Ser  9  in  GSK-3P 
and  the  nuclear  accumulation  of  p-catenin  upon  high  dose  Wnt-3A  stimulation  (Fig.  7C). 

To  examine  the  relevance  of  laforin  modulation  of  Wnt  pathway  in  tumorigenesis,  we 
evaluated  GSK-3P  phosphorylation  and  nuclear  P-catenin  accumulation  in  both  laforin 
transfected  tumor  cell  line  and  spontaneous  lymphoma  developed  in  TG-B  mice  that  has  a 
disrupted  EPM2a  gene.  As  shown  in  Fig.  7D,  expression  of  laforin  in  B 104-1-1  cells 
decreased  the  Ser  9  phosphorylation  of  GSK-3P  and  drastically  decreased  the  nuclear 
accumulation  of  P-catenin,  regardless  of  whether  exogenous  Wnt-3A  was  added.  As  shown  in 
Fig.  7E,  in  transgenic  mice  that  have  one  copy  of  the  EPM2a  inactivated,  the  thymocytes  have 
a  modest  increase  of  phosphorylated  GSK-3p  in  the  cytosol,  although  no  P-catenin  was 
detected  in  the  nuclei.  In  the  lymphoma  samples  that  had  complete  inactivation  of  the  EPM2a 
gene,  a  drastic  increase  of  GSK-3P  phosphorylation  and  P-catenin  accumulation  in  the  nuclei 
were  observed.  These  results  demonstrate  that  laforin  modulates  Wnt  signaling  during 
tumorigenesis. 

An  interesting  issue  is  whether  the  increased  Wnt  signalling  is  responsible  for  the 
tumorigenesis  associated  with  EPM2a  down-regulation.  To  test  this  possibility,  we  first  used 
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the  siRNA  to  silence  EPM2ci  in  a  fibroblast  cell  line  EEF8-TQ  (Inoki  et  al„  2003)  and 
injected  the  cells  into  immunodeficient  host.  As  shown  in  Fig.  7F  and  supplemental  Fig.  S7. 
while  the  vector-transfected  cells  failed  to  produce  tumors  in  the  recipients,  the  EPM2a- 
silenced  cells  produced  tumors  in  vivo.  We  then  super-transfected  the  EPM2a- silenced  cells 
with  a  dominant  negative  TCF1  (ATCP)  to  block  the  effector  function  of  Wnt  signaling.  As 
shown  in  Fig.  7G.  ATCF  suppressed  tumor  growth  induced  by  silencing  EPM2a.  These 
results  demonstrate  that  laforin  suppresses  tumor  growth  by  inhibiting  Wnt  signaling. 
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Discussion 


By  following  a  serendipitous  observation  of  spontaneous  lymphoma  in  a  TCR 
transgenic  mouse,  we  uncovered  that  laforin,  a  dual  specific  phosphatase  with  unknown 
function  in  signal  transduction,  is  a  key  regulator  for  GSK-3P  activity  and  suppresses  tumor 
development  and  growth  by  modulating  Wnt  signaling. 

Laforin  is  a  tumor  suppressor  in  the  mouse 

We  have  presented  several  lines  of  evidence  that  support  a  role  for  laforin  as  a  tumor 
suppressor.  First,  we  have  identified  by  position  cloning  that  a  line  of  TCR  transgenic  mice 
with  rapid  onset  and  high  penetrance  of  lymphoma  has  the  transgene  inserted  in  the  intron  1 
of  the  EPM2a  gene.  The  insertion  contains  both  a  and  B  chains  of  genomic  clone  of  a  TCR 
and  thus  exceeds  100  kb  (if  one  copy)-300  kb  (if  3  copies  as  estimated  by  intensity  of  bands  in 
Southern  blot,  data  not  shown).  Since  the  heterozygous  mice  had  roughly  50%  of  laforin 
protein  expression,  it  is  likely  that  such  insertion  inactivated  the  EPM2a  locus.  The 
development  of  lymphoma  was  associated  with  complete  silencing  of  laforin  gene,  which  in 
turn  was  due  to  hypermethylation  of  the  EPM2a  promoter.  Thus,  the  genetic  lesion  and 
epigenetic  inactivation  of  the  EPM2a  gene  during  tumorigenesis  was  reminiscent  of  a  typical 
tumor  suppressor  gene  (Paige,  2003).  Second,  we  have  demonstrated  that  hypermethylation 
of  the  EPM2a  gene  is  not  unique  to  the  mouse  lymphoma  model  in  the  TCR  transgenic  mice. 
Down-regulation  of  laforin  is  observed  in  a  large  panel  of  mouse  lymphoma  cell  lines  and 
correlates  with  hypermethylation  of  the  locus.  Thirdly,  we  have  directly  demonstrated  the 
transgenic  complementation  of  the  EPM2a  in  T  cell  lineage  prevented  the  development  of  T 
cell  lymphoma  in  the  TG-B  mice.  Conversely,  suppression  of  EPM2a  gene  by  siRNA 
increased  tumorigenicity  of  a  fibroblast  cell  line,  promoted  self-renewal  ability  of  bone 
marrow  hematopoietic  stem  cells,  and  caused  myelodysplasia  in  vivo.  Taken  together,  our 
data  demonstrated  that  EPM2a  inactivation  is  both  necessary  and  sufficient  for  the 
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development  of  tumor  in  our  mouse  model.  As  such,  the  EPM2a  gene  is  a  tumor  suppressor 
in  the  mouse  model. 

Several  caveats  deserve  consideration. 

First,  mice  with  a  targeted  mutation  of  EPM2a  gene  have  been  reported  to  survive  to  9 
month  of  age,  although  it  has  not  been  examined  as  to  whether  the  mice  are  more  susceptible 
to  lymphoma  (Ganesh  et  al.,  2002).  It  is  therefore  likely  that  the  effect  of  targeted  mutation  in 
the  mixed  129xC57BL/6  background  (H-2b)  is  less  pronounced  than  what  has  been  described 
here.  This  apparent  inconsistency  can  be  reconciled  in  two  ways.  The  C57BL/6  (H-2b)  mice 
were  less  susceptible  to  lymphoma,  as  we  showed  that  the  TG-B(B10.BR,  H-2k)  developed 
lymphoma  substantially  faster  than  the  C57BL/6xTG-B  FI.  Likewise,  the  F 1  between  FVB 
(H-2q)  and  TG-B  also  developed  cancer  at  a  reduced  rate.  In  fact,  the  H-2  region  has  been 
shown  to  contain  a  major  modifier  for  susceptibility  to  lymphoma  (Kamoto  et  al.,  1996). 
Nevertheless,  it  should  be  pointed  out  that  the  spontaneous  tumor  incidences  in  the  two  strains 
of  FI  mice  were  still  considerable.  In  addition,  TCR  transgenic  mice  are  immune-deficient 
because  their  majority  of  their  T  cells  were  directed  to  a  single  CTL  epitope  and  therefore 
unable  to  recognize  tumor  antigen.  In  support  of  the  requirement  for  immunodeficiency,  our 
analysis  using  siRNA-transduced  bone  marrow  cells  supported  the  importance  of 
immunodeficiency,  as  hematological  disorders  were  observed  only  when  we  used  the  bone 
marrow  from  TCR-transgenic  mice  to  transplant  to  immunodeficient  hosts.  Other 
combinations  that  allowed  reconstitution  of  immunity  derived  from  either  donor  or  host  have 
been  unsuccessful  to  induce  malignancy  (data  not  shown).  The  strain  difference  may  also 
explain  the  fact  that  homozygous  TG-B  mice  are  embryonic  lethal  in  B10.BR  background 
while  in  the  129xC57BL/6  background,  the  EPM2a  deficient  mice  are  viable.  In 
combination,  these  two  factors  can  explain  the  lack  of  report  on  lymphoma  in  the  EPM2a- 
deficient  mice. 
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Second,  insertion  of  TCR  may  cause  aberrant  expression  of  adjacent  genes.  We  have 
found  that  the  expression  of  one  immediate  neighbour  (within  56  kb  of  EPM2a )  was  up- 
regulated,  although  no  effect  was  observed  on  another  gene  120  kb  away.  We  have  directly 
tested  whether  over-expression  of  the  neighbouring  gene  was  responsible  for  tumorigenesis  by 
producing  transgenic  mice  that  over-express  it  in  the  thymus.  Our  analysis  of  8  independent 
founders  and  the  offspring  of  one  of  the  founders  revealed  no  lymphoma  over  more  than  22 
months-period.  This  result  ruled  out  the  possibility  that  over-expressing  of  the  neighbouring 
gene  was  the  primary  event  leading  to  cancer  development.  The  tumor  suppressor  activity  of 
EPM2a  has  been  confirmed  by  EPM2a  transgenic  mice,  by  direct  transfection  and  by  siRNA 
knock-down  experiments,  in  which  the  adjacent  genes  should  not  be  affected. 

Thirdly,  it  is  of  interest  to  consider  whether  EPM2a  may  be  a  tumor  suppressor  in 
human.  Lafora’s  disease  due  to  EPM2a  mutation  is  a  rare  genetic  disease  with  early  lethality. 
The  patients  usually  die  before  they  reach  20  years  of  age.  It  is  therefore  difficult  to  evaluate 
the  direct  impact  of  this  mutation  on  cancer  incidence.  In  addition,  EPM2a  is  located  in  6q24 
of  human  genome  (Minassian  et  al.,  1998;  Serratosa  et  ah,  1995;  Serratosa  et  ah,  1999b) 
where  deletions  or  LOH  were  reported  in  cancers  from  a  large  number  of  different  organs 
including  carcinomas  of  the  breast  (Devilee  et  ah,  1991;  Sheng  et  ah,  1996),  endometrium 
(Tibiletti  et  ah,  1997;  Tibiletti  et  ah,  1999),  prostate  (Cooney  et  ah,  1996),  lymphomas  and 
leukemias  (Gerard  et  ah,  1997),  and  melanomas  (Walker  et  ah,  1994).  Given  the  fact  that  the 
tumor  phenotypes  reported  here  has  been  observed  in  immune-deficient  host,  it  is  of  particular 
interest  to  investigate  the  significance  of  EPM2a  as  a  potential  tumor  suppressor  gene  in 
AIDS  related  malignancy,  which  is  a  growing  medical  problem.  In  this  regard,  it  is  worth 
noting  that  LOH  in  6q24  is  one  of  the  most  frequent  chromosomal  alterations  in  AIDS-related 
lymphoma  (Gerard  et  ah.  1997;  Pastore  et  ah.  1996;  Zhang  et  ah,  1997). 
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Laforin  is  the  phosphatase  for  GSK-3P 


GSK-3P  is  a  key  modulator  for  several  important  signal  transduction  pathways. 
Although  GSK-3(3  is  inactivated  by  phosphorylation  at  the  Ser  9  position,  it  is  unclear  if  the 
inactivated  enzyme  can  be  reactivated  by  dephosphorylation,  as  no  specific  phosphatase  for 
this  enzyme  has  been  identified.  Here  we  showed  that  laforin,  a  dual  specific  phosphatase 
with  unknown  substrate,  is  a  specific  phosphatase  for  GSK-3p.  Thus,  laforin  is  constitutivelv 
associated  with  GSK.-3B  in  vivo  and  such  association  does  not  require  its  phosphatase  activity. 
Recombinant  laforin  protein  isolated  from  either  eukaryotic  or  prokaryotic  cells  specifically 
dephosphorylated  Ser  9  of  GSK-3B  but  not  unrelated  Akt  target  such  as  Bad.  In  vivo, 
transfection  of  laforin  reduced  PDGF-induced  phosphorylation  of  Ser  9  of  GSK-3P,  but  not 
that  of  Y216  of  GSK-3p,  Y279  of  GSK-3a  and  the  phosphorylation  of  PDK,  Akt  and  other 
Akt  substrates  such  as  FKHR  and  AFX.  Moreover,  knockdown  of  laforin  in  either  NIH3T3 
cells  or  in  TG-B  mouse  thymus  substantially  increased  phosphorylation  of  GSK-3p.  In 
addition,  transfection  of  laforin  substantially  increased  the  enzymatic  activity  of  GSK-3p. 
These  data  demonstrated  that  laforin  is  a  critical  regulator  of  Ser  9  phosphorylation  and 
enzymatic  activity  of  GSK-3p.  Given  the  importance  of  GSK-3P  in  a  variety  of  biological 
processes  including  cellular  metabolism,  growth  and  transformation,  it  would  be  of  interest  to 
determine  which  of  these  processes  are  also  regulated  by  laforin. 

Laforin  as  a  critical  modulator  of  Wnt  signaling 

We  have  taken  two  approaches  to  demonstrate  that  laforin  is  an  important  regulator  in 
Wnt  signalling.  First,  we  showed  that  over-expression  of  laforin  reduced  nuclear 
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accumulation  of  P-catenin  in  response  to  Wnt3A.  Conversely,  knockdown  of  laforin  in  both 
cell  lines  and  in  transgenic  mice  resulted  in  a  dose-dependent  increase  of  P-catenin  in  the 
nuclei.  Since  nuclear  accumulation  of  p-catenin  play  a  major  role  in  tumorigenesis, 
modulation  of  Wnt  signaling  is  likely  to  be  responsible  for  laforin-mediated  suppression  of 
tumor  growth. 

The  detailed  mechanism  by  which  laforin  regulate  Wnt  signaling  has  not  been  fully 
understood.  Since  we  showed  that  laforin  regulate  Ser  9  phosphorylation  of  GSK-3P,  a  major 
regulator  of  p-catenin,  the  simplest  hypothesis  is  that  laforin  modulate  Wnt  by  regulating  Ser 
9  phosphorylation  of  GSK-3p  and  its  biological  activity.  While  our  data  are  entirely 
consistent  with  this  notion,  three  lines  of  evidence  have  questioned  whether  GSK-3p-mediated 
p-catenin  destruction  is  regulated  by  phosphorylation  of  Ser  9.  First,  the  GSK-3P  in  the  Wnt 
pathway  was  thought  to  be  insulated  from  the  Akt  pathway,  partly  because  Wnt  conditioned 
medium  did  not  induce  GSK-3p  phosphorylation  above  the  background  (Ding  et  al.,  2000). 
Second,  genetic  reconstitution  in  Drosophila  demonstrated  that  the  GSK-3p  mutant  that  lacks 
Ser  9  can  still  mediate  Wnt  signaling  (Papadopoulou  et  al.,  2004).  This  later  finding  would 
argue  that  Ser  9  phosphorylation  is  not  required  for  Wnt  signalling  in  Drosophila. 
Interestingly,  Drosophila  also  lacks  the  EPM2a  gene  (Ganesh  et  al.,  2001).  Thirdly.  McManus 
et  al.  (McManus  et  al..  2005)  reported  recently  that  cells  from  the  mice  with  knock-in  of 
mutants  GSK-3a  (Ser21>Ala)  and  GSK-3B  (Ser9>Alat  have  the  similar  response  to  Wnt  3A 
as  the  wild-type  control,  which  argued  against  an  essential  role  for  Ser  9  phosphorylation  in 
Wnt  signaling.  On  the  other  hand,  LKB.  which  regulates  Ser  9  phosphorylation  by  PKC  was 
recently  demonstrated  to  be  an  important  regulator  for  Wnt  signaling  (Ossipova  et  al..  2003T 


22 


In  this  regard,  we  have  observed  that  Wnt  can  synergize  with  PMA  to  induce  Ser  9 
phosphorylation  of  GSK-3B  and  that  laforin  is  a  potent  regulator  in  this  process.  It  is 
therefore  possible  that  whether  Ser  9  phosphorylation  regulates  Wnt  signaling  depends  the 
context  of  Wnt  signaling.  Since  the  Wnt  signaling  complex  is  well  insulated  from  the  Akt 
pathway,  Ser  9  phosphorylation  may  be  important  when  PKC  pathway  is  activated  in  the 
complex.  These  findings  provide  a  plausible  explanation  for  the  need  of  GSK-3B-pocket  that 
binds  the  priming  site  of  the  GSK-3B  substrates  (Amit  et  al„  2002;  Liu  et  al.,  2002;  Yanagawa 
et  al„  2002).  Since  development  of  tumors  associated  with  EPM2a  knockdown  is  completely 
inhibited  by  a  dominant  negative  TCF  mutation.  Ep^a-mediated  tumor  suppression  depends 
on  its  modulation  of  Wnt  signaling. 
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Methods 


Antibodies,  phosphor-peptide,  and  recombinant  proteins.  Antibodies  against  the 
following  proteins  were  used  in  this  study:  Akt,  IkBoc,  P-catenin,  phospho-Akt  (Ser  473), 
phospho-GSK-3p  (Ser  9),  phospho-FKHR  (Ser  256),  phospho-PDKl  (Ser  241),  phospho- 
GSK-3a/p(Ser  21/9)  (Cell  Signaling,  Beverly,  MA),  GSK-3P  (BD  Pharmingen/Transduction 
Labs,  San  Diego,  CA),  V5  and  anti-V5-HRP  (Invitrogen  Corp.,  Carlsbad,  CA),  p50,  p65,  Spl, 
actin  (1-19)  (Santa  Cruz  Biotechnology,  Inc.  Santa  Cruz,  CA),  and  phospho-GSK-3a/p  (pY 
279/216)  (Biosource  International,  Camarillo,  CA).  Other  reagents  were  recombinant  GSK-3p 
fusion  protein  and  Aktl/PKB  protein  kinase  (Cell  Signaling),  recombinant  Tau  protein 
(PanVera  LLC,  Madison,  WI),  human  platelet-derived  growth  factor  (PDGF)  (Sigma,  St. 
Louis,  MO).  BSA-coupled  GSK3p  phosphor-peptide  were  synthesized  by  Genemed 
Synthesis,  Inc  (San  Francisco,  CA).  The  peptide  sequence  is  as  follows:  BSA- 
CGPKGPGRRGRRRTSS(phosphorylated)FAEG.  Active  Aktl/PKB  protein  kinase  is  a 
recombinant  MBP-Aktl  fusion  protein  containing  human  Aktl  residues  140-480  with  T308D, 
S473D  mutations  (Cell  Signalling).  Anti-Bad,  anti-p-Bad  (Ser  112)  and  recombinant  full- 
length  murine  Bad  fused  with  an  N-terminal  His  6-tag  were  purchased  from  Upstate  (Lake 
Placid,  NY). 

Identification  of  transgene  integration  site.  The  fluorescence  in  situ  hybridization  (FISH) 
was  performed  by  SeeDNA  Biotech  Inc.  (Windsor,  Ontario,  Canada)  using  a  1.4  kb  DNA 
fragment  of  TCR  a  chain  constant  region  as  the  probe.  The  integration  site  of  TCR  transgene 
in  chromosome  10  was  identified  using  the  TOPO®Walker  Kit  (Invitrogen)  according  to  the 
protocol  provided.  Briefly,  TCR  transgenic  mouse  genomic  DNA  was  digested  by  restrictive 
enzyme  Pstl  and  dephosphorylated  to  allow  ligation  with  the  TOPO®Linker(Shuman,  1994). 

Primer  extension  using  Taq  polymerase  and  TCR  specific  primer  1  was  performed  to  create 

I 

double  strand  DNA  that  contained  3’  A-overhangs.  Dephosphorylated  A-tailed  DNA  was 
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ligated  with  TOPO®Linker  and  further  amplified  by  PCR.  The  PCR  products  were  cloned 
into  a  TA-TOPO  cloning  vector  (Invitrogen)  and  sequenced.  The  sequences  were  searched 
with  the  Celera  Discovery  System  (Rockville,  MD). 

Bisulfite-PCR  and  sequencing.  The  methylation  status  of  EPM2A  was  determined  by 
bisulfite-PCR  and  sequencing.  Bisulfite  treatment  was  carried  out  as  described  previously 
(Clark  et  ah,  1994).  PCR  was  carried  out  with  bisulfite-treated  DNA  as  templates  with  4  pairs 
of  primers,  LDM1.F.  5  ’  -AGAGGTTTATA  AAGGATTAAA  TGTTGG,  LDM1.  R.  5’- 
TAAAATCAAAATTCCCAAAC  (278bp);  LDM2.F.  5  ’ -GTTTGGGA ATTTTG ATTTTAC, 
LDM2.R.  5 ’ -T AACCCGA ATCCTAA AA ACCT AAC  (124bp);  LDM3.F.  5’- 
GTT AGGTTTTT AGGATT YGGGTT AT,  LDM3.R.  5’-CAATACCTTCCCAA  TACAACTC 
(333bp);  LDM4.F.  5 ’ -G AGTT GT ATT GGG A AGGTATT G,  LDM4.R.  5’- 
AACTCTCCRAAATAAACCTAAAACC  (222bp).  The  PCR  products  were  purified  by  Gel 
Extraction  kit  (Qiagen),  subcloned  into  the  TA-TOPO  vector  system  (Invitrogen)  and 
sequenced  by  an  ABI/PE  3700  capillary  sequencer.  8-10  clones  were  sequenced  for  each 
lymphoma  or  normal  thymus. 

5-Aza-2’-deoxycitidine  treatment.  Cells  were  seeded  at  a  density  of  6  x  106  cells/1 0-cm 
plate  and  5-Aza-dC  (Sigma,  St.  Louis,  MO)  was  added  to  different  cell  lines  at  maximal 
tolerable  doses  based  on  a  24-hour  viability  test  (1  pM  for  P815,  2  pM  for  EL-4,  RAW8.1  and 
SI 94,  3  pM  for  BW5147,  CH27  and  J558,  5  pM  for  RMA-S  and  A20,  10  pM  for  Yac-1, 

Meth  A  and  Ag8.653,  20  pM  for  MC38  ).  After  24  hrs,  the  medium  was  changed,  and  the 
cells  were  treated  with  fresh  5-Aza-dC  for  an  additional  24  hrs.  Two  days  after  5-Aza-dC 
treatment,  the  cells  were  harvested  for  RT-PCR  analysis  on  EPM2A  expression.  Genomic 
DNA  from  three  EPM2A  high  cell  lines  (P815,  Meth  A  and  MC38)  and  three  EPM2A  low 
lymphoma  cell  lines  (EL-4,  BW5147  and  YAC-1)  were  subjected  to  methylation-sensitive 
Sac  II  digestion.  Digested  or  undigested  genomic  DNA  were  used  as  templates  for  real  time 
PCR. 
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Anti-laforin  polyclonal  antibody.  The  antibody  was  produced  by  Genemed  Synthesis,  Inc. 
(San  Francisco,  CA).  Rabbits  were  immunized  with  the  synthetic  peptide  of  16  amino  acid 
residues  (YKFLQREPGGELHWEG,  residues  85-100  in  laforin  protein,  Accession  No. 
AAD26336)  coupled  with  keyhole  limpet  hemocyanin  (KLH)  in  complete  Freund’s  adjuvant. 
The  antiserum  was  purified  using  peptide  conjugated  Affigel  column. 

EPM2A  siRNA  constructs.  Oligonucleotides  encoding  siRNA  directed  against  EPM2a  at  C 
terminal  region  of  934  to  954  nucleotides  (5 ’ -AAGGTGCAGTACTTCATC AT G-3 ’ )  (C)  or 
polyA  region  of  1212  to  1233  nucleotides  (5’-AAGGAAAACTGCATGCCA CAT-3’)  (E) 
were  subcloned  into  pSilencer  1.0-U6  siRNA  expression  vector  (Ambion,  Austin,  TX)  to 
generate  C-siRNA  according  to  manufacturer’s  protocol.  NIH3T3  cells  were  co-transfected 
with  C-  or  E-siRNA  vector  and  pcDNA4/V5-FIis  (Invitrogen)  using  Fugene  6  and  selected  by 
Zeocin.  Individual  clones  were  analyzed  for  EPM2A  expression  by  RT-PCR.  SiRNA 
sequence  was  also  inserted  into  a  modified  pLenti6/V 5-D-TOPO  vector  (Invitrogen). 
Lentivirus  stocks  were  produced  in  293FT  cells  according  to  manufacturer’s  protocol.  Viral 
transduced  cells  were  selected  with  blasticidin. 

GSK-3p  kinase  assay.  The  in  vitro  kinase  assay  measuring  the  kinase  activity  of  GSK-3p 
was  performed  according  to  a  previously  described  protocol  (Song  et  ah,  2002). 

Phosphatase  assay.  Fusion  GSK-3P  protein  was  phosphorylated  in  vitro  with  active  Akt 
according  to  manufacturer’s  protocol  (Cell  Signalling).  The  EPM2a  full  length  cDNA  or  its 
mutant  C265S  was  cloned  in  pGEX-6P-l(Amersham)  to  create  GST-Epm2a  fusion  protein. 
The  soluble  GST-fused  protein  was  purified  by  glutathione-agarose  beads,  and  eluted  with 
50mM  reduced  glutathione.  Given  concentrations  of  the  laforin  protein  was  mixed  with  the 
phosphorylated  GSK-3P  or  with  synthetic  phospho-peptide  of  GSK-3P  at  serine9  in 
phosphatase  assay  buffer  as  described  previously  (Femandez-Sanchez  et  ah,  2003). 
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Cell  fractionation  and  p-catenin  analysis.  Vector-,  EPM2A-  or  siRNA-transfectants  of 
NIH3T3  or  B 104-1-1  cells  were  treated  with  or  without  recombinant  mouse  Wnt-3A  protein 
(500  ng/ml,  R&D  Systems,  Minneapolis,  MN)  in  DMEM  medium  containing  1%  serum  (high 
dose  condition,  Fig.  7C  and  D),  or  Wnt3A  (20  ng/ml)  in  conjunction  of  0.5pM  PMA  (Fig.  7A) 
for  3  hours.  The  cells  were  either  directly  lysed  for  the  detection  of  p-GSK-3p  levels  in  total 
lysate  or  homogenized  and  fractioned  for  the  detection  of  P-catenin  levels  in  the  nuclei  in 
Western  blots. 

TCF  reporter  assay.  NIH3T3  transfectants  in  a  24-well  plate  were  transfected  with  0.2  pg  of 
pTOPFLASH  or  pFOPFLASFl  TCF  luciferase  reporter  constructs  (Cell  Signalling)  plus  0.05 
pg  of  pRL-SV40  renilla  luciferase  control  reporter.  24  hours  later,  the  transfectants  were 
treated  with  Wnt-3A  conditional  medium  or  L-cell  control  medium  for  16  hr.  The  luciferase 
activity  was  determined  by  the  Dual-luciferase  reporter  assay  system  (Promega,  Madison, 

WI).  The  results  were  shown  after  normalized  to  corresponding  Renilla  reporter  value. 

Methylcellulose  bone  marrow  colony  formation  assay  in  vitro  and  bone  marrow 
reconstitution  in  vivo.  Six  to  8  weeks  old  mice  were  injected  i.p.  with  5-fluorouracil  (150 
mg/kg)  five  days  prior  to  harvesting  bone  marrow  cells  from  femurs.  Concentrated  lentiviral 
supernatants  were  used  to  transduce  bone  marrow  cells  by  a  2-hour  spinoculation  at  25  °C. 

For  methylcellulose  colony  assays,  two  days  after  infection.  1X1 04  of  transduced  B10.BR 
bone  marrow  progenitor  cells  were  plated  in  0.9%  methylcellulose  (Stem  cell  Technologies. 
Vancouver.  BC.  Canada)  supplemented  with  10  ng/ml  of  murine  IL-3.  IL-6.  GM-CSF.  50 
ng/ml  SCF,  and  3  u/ml  hEpo  (R&D  systems,  MN)  in  the  presence  of  5  ug/ml  blastcidine. 

After  7  days  of  culture,  the  number  of  colonies  was  counted  and  1X104  cells  of  the  single  cell 
suspensions  prepared  from  blastcidine-resistant  colonies  were  replated  into  methylcellulose 
supplemented  with  the  same  growth  factors  without  blastcidine.  Further  plating  was  repeated 
every  10  days.  To  test  the  in  vivo  transformation,  the  vector  or  EPM2a  siRNA-transduced 
bone  marrow  cells  from  BALB/c.PICTL  (Sarma  et  al„  1999)  (a  TCR-transgenic  strain 
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syngeneic  to  the  RAG-2-/-  recipient-)  were  expanded  in  the  medium  containing  above  cytokine 
cocktail  for  14  days.  5  iig/ml  biastcidin  was  present  during  the  third  and  fourth  days.  The 
expanded  bone  marrow  cells  were  i.v.  injected  into  sub-lethally  irradiated  RAG-27'  mice 
(2xl06/mouse').  The  mice  were  examined  4  months  after  the  bone  marrow  reconstitution  as 
the  mice  in  the  siRNA  group  started  to  loss  weight  and  had  difficulty  in  breathing. 
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Figure  legends 


Fig.  1.  A  transgenic  mouse  (TG-B)  line  with  high  penetrance,  early  lethality  lymphoma.  The 
transgenes,  the  re-arranged  a  and  (3  chain  genes  of  the  T  cell  receptor,  were  obtained  from  a 
CD8+  T  cell  clone  with  specificity  for  SV40  large  T  antigen.  Since  its  generation,  the 
transgenic  mice  have  been  backcrossed  to  B10.BR  background  for  more  than  30  generations. 
A.  The  survival  distribution  function  among  B10.BR  (n=50),  TG-B  (n=62)  and  FI  (TG-B  x 
C57BL/6)  (n=30)  mice.  The  incidence  of  lymphoma  is  significantly  higher  among  TG-B  in 
comparison  to  WT  (PO.OOOl)  and  FI  (TG-B  x  B6)  mice  (PO.OOOl).  FI  (TG-B  x  B6)  mice 
developed  lymphoma  at  a  significant  higher  rate  in  comparison  to  WT  mice  (PO.OOOl).  B. 
Enlargement  of  spleen  (top),  thymus  (middle)  and  mesenteric  lymph  node  (MLN,  bottom)  in  a 
TG-B  mouse  with  tumor  (left  panels),  organs  from  a  TG-B  mouse  that  have  not  developed 
tumor  are  shown  as  controls.  C.  Immunohistochemical  staining  of  anti-Thyl  in  non-Tg  spleen 
(a)  showing  normal  T  cell  distribution  and  in  speen  from  TG-B  mouse  with  lymphoma  (b) 
showing  the  entire  spleen  was  infiltrated  by  large  lymphoblastic  T  cells.  H&E  sections  of 
liver  (c)  and  kidney  (d)  of  the  tumor-bearing  TG-B  mice  showing  the  infiltration  of  lymphoma 
cells  in  organs. 

Fig.  2.  Identification  of  the  integration  site  of  the  TCR  transgene.  A.  Cytogenetic  analysis  of 
TCR  gene  localization  by  FISH.  The  probe  used  was  the  constant  region  of  the  TCR  a  chain. 
The  location  of  the  transgene  is  indicated  by  an  arrow  in  the  left  panel,  the  positions  of 
chromosomes  10  and  14  are  marked  in  the  right  panel.  The  signals  in  chromosome  14  reflect 
the  location  of  the  endogenous  TCR  a  loci.  The  signal  in  chromosome  10  is  the  transgene 
insertion  locus.  B.  Identification  of  the  TCR  integration  site  by  PCR-based  TOPO®Walker 


method  using  the  TOPO®Linker  primers  and  the  gene  specific  sequence  primers  from  both  3’ 
and  5’  termini  of  the  TCR  a  and  TCR  P  transgenes.  The  primer  that  corresponded  to  3’ 

terminus  of  the  TCRa-chain  yielded  PCR  products  with  TCR  gene  sequence.  Junction 

\ 

sequence  of  TCRCa  and  chromosome  10  DNA  is  shown.  This  is  extracted  from  sequence  of 
4  clones.  C.  Chromatogram  depicting  the  junctional  sequence  of  TCRa  and  P  constructs.  D. 
Confirmation  of  the  integration  site  by  Southern  blot.  The  restriction  enzyme  map  of 
endogenous  and  Tg  alleles  and  a  Southern  blot  autograph  are  shown.  E.  A  portion  of  the 
10A2  region  in  relation  to  the  integration  site  is  indicated.  Note  that  the  integration  site  is  in 
intron  1  of  EPM2a,  which  encodes  for  laforin. 

Fig.  3.  Defective  expression  of  laforin  in  lymphoma.  A.  Defective  expression  of  EPM2a 
mRNA  in  transgenic  mice  with  lymphoma  (Tg-Tu),  but  not  in  the  non-transgenic  littermates 
(Ntg),  or  in  young  transgenic  mice  that  have  not  yet  developed  lymphoma  (Tg).  Total  RNA 
was  isolated  from  thymi.  The  cDNA  was  prepared  by  reverse  transcription  and  amplified 
using  primers  that  amplify  the  entire  coding  sequence  of  EPM2a.  B.  Absence  of  laforin 
protein  expression  in  Tg-Tu  lymphoma  cells  and  reduction  of  laforin  expression  in  young 
transgenic  (Tg)  thymocytes,  as  analyzed  by  Western  blot  using  a  polyclonal  anti-laforin 
antibody.  C.  Down-regulation  of  laforin  protein  in  multiple  murine  malignancies  of  T,  B  cell 
lineages.  The  thymocytes  from  a  non-transgenic  littermate  (Ntg)  and  two  transgenic  mice  with 
lymphoma  (Tg-Tu)  were  examined  as  control.  The  malignant  cell  lines  used  were  T  cell 
lymphoma  EL4,  YAC-1,  BW5147  and  RMA-S,  B  cell  lymphoma  A20,  RAW8.1,  CH27, 
myeloma  SI  94.  Data  shown  are  representative  of  three  independent  experiments. 
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Fig.  4.  EPM2a  is  hypermethylated  in  lymphoma  cells.  A.  Diagram  of  5’ -CpG  island  and  the 
location  of  the  4  primer  sets  used  to  amplify  the  bisulfite  treated  DNA  to  examine  the 
methylation  status  of  the  EPM2a  gene.  The  5’-CpG  island  was  1225  bp  in  length  with  59.2% 
GC  content.  The  ratio  of  observed  CpG  to  expected  CpG  is  0.948.  The  length  of  PCR 
products  and  the  number  of  CpG  di-nucleotides  (in  parentheses)  within  each  PCR  products  are 
labelled.  B.  Summary  of  the  results  of  bisulfite  sequencing  of  PCR  products  with  LDM3 
which  contained  45  CpG  di-nucleotides.  Fifty  seven  clones  were  obtained  from  six 
lymphoma  mice  (clone  numbers  from  each  mouse  are  labelled  in  parentheses)  and  45  clones 
were  obtained  from  six  transgenic  littermates  without  lymphoma  (10  each  from  three  mice, 
and  15  clones  from  a  pool  of  three  mouse  thymi).  Each  circle  represents  the  methylation 
status  of  a  CpG  di-nucleotide  from  8-10  clones,  except  the  last  line  of  circles  from  which  each 
circle  represents  results  from  15  clones.  Methylated  and  unmethylated  alleles  are  shown  as 
solid  and  open  circles,  respectively.  C.  5-AzaC-induced  EPM2a  expression  in  lymphoma  cell 
lines,  but  not  in  3  non-lymphoid  tumor  cell  lines.  Cells  were  collected  after  48  hr  of  treatment 
with  or  without  5-aza-2’-deoxycytidine.  Total  RNA  was  isolated  and  RT-PCR  was  done  using 
primers  that  amplified  the  entire  coding  sequence  of  EPM2a.  The  cell  lines  used  were  T  cell 
lymphoma  EL4,  YAC-1  and  BW5147,  mastocytoma  P815,  colon  cancer  MC38  and 
fibrosarcoma  Meth  A.  D.  DNA  methylation  in  lymphoma  cell  lines.  Genomic  DNA  from  the 
cell  lines  were  isolated  and  treated  with  or  without  methylation-sensitive  restrictive  enzyme 
Sac  II  overnight.  The  280  bp  promoter  was  amplified  by  real-time  PCR.  To  normalize 
against  DNA  loss  associated  with  enzyme  digestion  and  purification,  the  difference  between 
Sac  II-treated  and  untreated  samples  with  0%  methylation  (as  determined  by  bisulfate 
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sequencing,  mouse  No.  1 1992)  was  subtracted  from  all  digested  samples.  DNA  from  a  TG-B 
thymoma  (No.  4012)  with  100%  methylation  was  used  as  positive  control. 

Fig.  5.  In  vitro  and  in  vivo  transformation  of  bone  marrow  stem  cells  by  silencing  EPM2a.  A. 
Silencing  EPM2a  greatly  increased  self-renewal  of  bone  marrow  hematopoietic  stem  cells. 
B10.BR  mice  were  pretreated  with  5’  FU  and  bone  marrow  cells  were  isolated  and  transduced 
with  lentiviral  vectors  with  either  stuffer  sequenece  (vector)  or  that  encodes  the  C-terminal 
siRNA  of  EPM2a.  The  transduced  bone  marrow  cells  n04/well)  were  serially  replated  four 
rounds  in  methvlcellulose  and  blasticidin  was  added  in  first  round.  Data  shown  are  means  +/- 
SD  of  colony  numbers  in  triplicate  plates,  and  are  representative  of  3  independent 
experiments.  B-D,  Flematological  disorders  associated  with  silencing  EPM2a.  Bone  marrow 
cells  from  5’FU-pretreated  P1CTL  TCR-transgenic  mice  (BALB/c  background)  were 
transduced  with  either  lentiviral  vector  or  those  that  encode  SiRNA.  After  2-day  blastcidin 
selection,  the  transduced  cells  were  expanded  in  the  presence  of  growth  factors  for  two  weeks 
and  transferred  into  sub-lethally  irradiated  immunodeficient  BALB/c .RAG-2'a  hosts.  Four 
months  later,  when  the  recipients  of  the  Enm2a  silenced  mice  become  moribund,  the  chimera 
mice  from  both  groups  were  sacrificed  for  analysis.  B.  Bone  marrow  Southern  blot  using 
blasticidin  resistant  gene  as  probe  showing  random  integration  of  the  lentiviral  vector  in  the 
recipients  of  the  EPM2a- silenced  bone  marrow.  Note  the  distinct  pattern  of  individual  mouse. 
C.  Bone  marrow  cell  counting  showing  different  mveloid/ervthroid  (M/E)  ratio  in  the 
recipients  of  the  vector-transduced  (n=6  )  or  SiRNA-transduced  tn~4)  bone  marrow  cells 
(P=0.004).  The  fifth  case  with  a  different  presentation  was  not  included.  D.  H&E  staining  of 
bone  marrow  sections  from  the  recipients  of  the  vector-transduced  (D-a)  or  SiRNA- 
transduced  (D-b)  bone  marrow  cells.  D-a  represents  the  histology  of  6  vector-transduced 
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bone  marrow  (50x  objective),  while  D-b  represents  4/5  of  SiRNA-transduced  bone  marrow 
(50x  objective).  Note  increase  of  cellularitv  and  the  M/E  ratio  in  b.  which  is  mostly  due  to 
increase  in  mature  and  immature  neutrophils.  D-c  represents  the  histology  of  the  fifth 
recipient  of  siRNA-transduced  bone  marrow  showing  greatly  increased  (46%)  and  clustered 
monocytes  and  monoblasts  ('yellow  dotted  circle)  which  contained  indented  and  lobulated 
nuclei  that  had  1-3  conspicuous  nucleoli  per  nucleus  (50x  objective').  D-d  represents  massive 
pulmonary  infiltration  and  consolidation  in  lung  tissues  that  completely  obliterated  the 
pulmonary  parenchyma  from  recipients  of  siRNA-transduced  bone  marrow  (10x  objective). 
The  insert  showing  the  homogeneous  infiltrating  cells  with  abundant  cytoplasm  and  large 
indented  and  lobulated  nuclei  that  had  1-3  conspicuous  nucleoli  per  nucleus  (50x  objective') 
Similar  histological  features  were  observed  in  3/5  siRNA-transduced  bone  marrow  recipients, 
but  not  in  any  of  the  6  vector-transduced  bone  marrow  recipients.  E.  EPM2a 
complementation  suppresses  tumorigenesis  associated  with  the  TG-B  mice,  EPM2a  cDNA 
were  inserted  into  transgenic  vector  with  approximal  lek  promoter.  Founder  mice  with 
ectopic  expression  of  EPM2a  were  crossed  with  the  TG-B  mice.  The  survival  of  the  EPM2a 
TG-B  (n=26)  and  EPM2a  TG-B  (n=33)  littermates  were  observed  over  a  70  week  period 
(P-0.02).  Moribund  mice  were  sacrificed  to  confirm  development  of  lymphoma.  The  insert 
showed  the  expression  of  EP M2  a  in  EPM2a+  and  EPM2a~  thymocytes  as  determined  by  RT- 
PCR.  F.  Laforin  suppresses  the  growth  of  murine  T  cell  lymphoma  BW5147.  BW5147  cells 
were  transfected  with  vector  only  or  with  either  wild-tvpe  or  C265S  mutant  EPM2A  cDNAs. 
Polyclonal  stable  transfectants  were  injected  subcutaneously  into  the  RAG-2(-/-)  BALB/c 
mice  (3  x  105  cells/mouse).  The  growth  kinetics  was  presented.  The  expression  of  the  V5- 
tagged  and  the  minute  amounts  of  endogenous  laforin  is  shown  in  the  insert.  G.  Laforin 
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suppresses  the  growth  of  P185neu-transformed  NIH3T3  cell  line  B 104-1-1.  B 104-1-1  cells 
were  transfected  with  either  vector  or  EPM2A  cDNA.  Three  stable  clones  from  each  group 
(Vector  or  Laforin)  were  injected  into  the  RAG-2(-/-)  BALB/c  mice  (3x10s  cells/mouse).  The 
growth  kinetics  was  presented.  Data  shown  are  representative  of  two  independent 
experiments.  The  expression  of  the  V5-tagged  and  the  minute  amounts  of  endogenous 
Laforin  is  shown  underneath. 

Fig.  6.  Laforin  is  a  phosphatase  of  GSK-3P  at  Ser  9.  A.  Laforin  selectively  prevented  PDGF- 
induced  phosphorylation  of  GSK-3p.  Vector  or  laforin-V5  transfected  NIH3T3  cells  were 
stimulated  with  PDGF  for  given  periods  of  time.  The  activation  of  PDK  (anti-phosphorylated 
Ser241),  Akt  (anti-phosphorylated  Ser473),  GSK-3P  (anti-phosphorylated  Ser9),  FKHR  (anti- 
phosphorylated  Ser256),  and  AFX(anti-phosphorylated  Seri  93)  were  analyzed  by  Western 
blot.  Amounts  of  protein  loaded  were  revealed  using  the  total  Akt  as  determined  by  Western 
blot.  B.  Laforin  dephosphorylated  the  phospho-Ser  9,  but  not  P-tyrosine  216  of  GSK-3P  and 
P-tyrosine  279  of  GSK-3a.  Two  stable  laforin  transfected  clones  are  presented  (D2  and  D7). 
C.  Laforin  prevented  PDGF  induced  inactivation  of  GSK-3p  kinase  activity.  Vector  or 
laforin-transfected  NIH3T3  cells  were  stimulated  with  PDGF  for  30  minutes  and  the  cells 
were  lysed  and  subjected  to  immunoprecipitation  with  anti-GSK-3p  antibody.  The 
immunoprecipitates  were  used  for  kinase  assay  to  determine  the  GSK-3p  kinase  activity. 
Recombinant  Tau  protein  and  P-y-ATP  were  used  as  substrates.  Specific  phosphorylation  of 
Tau  was  determined  by  32P  autoradiograph.  The  GSK-3P  in  immunoprecipitates  was 
determined  by  Western  blot  with  anti-GSK-3p.  The  radioactive  intensity  in  each  lane  was 
normalized  based  on  the  amounts  of  GSK-3P  in  each  sample,  as  determined  by  Western  blot. 
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In  order  to  compare  different  experiments,  we  arbitrarily  assigned  the  activity  of  the  GSK-3P 
isolated  from  untreated  vector-transfectants  as  1 .0.  Statistical  difference  was  calculated  by 
student  t-tests.  Data  shown  are  summary  of  3  independent  experiments.  D.  siRNA  suppresses 
endogenous  laforin  and  enhances  the  PDGF  induced  phosphorylation  of  GSK-3p. 
Oligonucleotides  encoding  siRNA  against  the  C-termini  of  Epm2a  was  subcloned  into 
pSilencer™  1 .0-U6  siRNA  expression  vector  (Ambion).  The  upper  panel  shows  the  efficiency 
of  endogenous  EPM2a  suppression  in  three  stable  clones  Cl,  C2  and  C3  by  RT-PCR.  The 
activation  of  Akt  (anti-phosphorylated  Ser473)  and  GSK-3p  (anti-phosphorylated  Ser  9)  from 
vector  or  siRNA  C3  transfected  NIH3T3  cells  were  analyzed  by  Western  blot.  P-actin  was  the 
protein  loading  control.  E.  Physical  association  between  GSK-3p  and  laforin.  Upper  panel 
shows  association  of  transfected  laforin  with  GSK-3p.  Vector  or  laforin-transfected  NIH3T3 
cells  were  stimulated  with  PDGF  for  30  min  and  cell  lysates  were  immunoprecipitated  with 
either  control  IgGl  or  anti-  GSK-3P  monoclonal  antibody.  The  precipitates  were  then  blotted 
with  either  anti-  GSK-3p  or  anti-V5  antibodies  to  detect  the  V5-tagged  laforin  protein.  The 
lower  panel  shows  association  between  GSK-3P  and  laforin  in  untransfected  3T3  cells.  As  in 
the  upper  panel,  except  that  the  cells  were  untransfected  and  the  Laforin  were  probed  with 
anti-Laforin  antibody.  F&G.  Laforin  dephosphorvlates  P-Ser9  of  GSK-3B  (F)  but  not 
PSerl  12  of  BAD  in  vitro  1G).  P-Ser9-phosphorvlated  peptide  of  GSK-3B  was  conjugated  in 
bovine  serum  albumin  IBS  A)  and  recombinant  soluble  Bad  protein  was  phosphorvlated  by 
constitutivelv  activated  Akt  in  the  presence  of  ATP.  The  wild  type  or  mutant  of  EPM2a  was 
transiently  transfected  into  HEK293  and  immunoprecipitated  with  anti-V5  monoclonal 
antibody  after  48  hours  transfection.  An  aliquot  of  the  precipitates  was  added  to  the  mixture  of 
either  serine  9  phosphorvlated  peptide  of  GSK-3B  or  AKT-phosphorvlated  Bad.  After  30  min 
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incubation  at  37°  C.  loading  buffer  was  used  to  terminate  the  reaction  and  was  loaded  to  10% 


SDS-PAGE  for  Western  blot  using  antibody  of  either  anti-phospho-GSK-313  (Ser9)  or  anti- 
phospho-Bad  (Seri  12).  After  that,  the  membrane  was  stripped  for  detecting  Laforin-V5  (F 
middle  panel,  G  lower  panel)  or  Bad  (G  middle  panel).  The  protein  composition  of  the 
precipitates  was  analyzed  by  SDS-PAGE  and  detected  by  Coomassie  blue  staining  (F  lower 
panel).  Data  shown  represent  at  least  three  independent  experiments. 

Fig.  7.  Laforin  modulates  Wnt  signalling  pathway.  A.  Vector  (V),  laforin  (D2,  D7,  D14)  or 
mutant  (C265S)-transfected  NIH3T3  cells  were  stimulated  with  recombinant  Wnt-3A  (20 
ng/ml)  plus  PMA  (0.5  pM).  At  3  hours  after  stimulation,  the  cell  lysates  were  analyzed  for 
phosphorylation  of  GSK-3(3  at  Ser  9  by  Western  blot.  Protein  loading  is  indicated  by  blotting 
with  anti-GSK-3p  antibody.  The  nuclear  fractions  were  isolated  to  determine  the  amounts  of 
p-catenin.  Protein  loadings  in  the  nuclear  fractions  were  indicated  by  anti-SPl  blot.  B.  TCF 
reporter  assay.  pTOPFLASEl  or  pFOPFLASH  TCF  luciferase  reporter  vector  was  co¬ 
transfected  with  pRJL-SV40  Ranilla  control  luciferase  reporter  plasmid  into  Vector  (V),  laforin 
(D14)  or  mutant  laforin  (C265S)  stably  transfected  NIH3T3  cells.  Twenty  four  hours  after 
transfection,  the  cells  were  stimulated  with  Wnt-3A  conditional  medium  or  control  medium 
overnight.  Cell  lysate  supernatants  were  evaluated  for  luciferase  activity  by  Dual-luciferase 
reporter  assay  system.  The  results  are  shown  after  normalized  to  corresponding  Renilla 
reporter  value.  C.  Silencing  siRNA  increased  the  GSK-3P-phosphorylation,  and  P-catenin 
nuclear  accumulation  by  Wnt-3A.  Vector  (V)  or  C-terminal  silencing  siRNA  (C3)  transfected 
NIH3T3  cells  were  stimulated  by  high  dose  (500  ng/ml)  recombinant  Wnt-3A.  Phospho-Ser  9 
GSK-3P  in  cell  lysate  and  P-catenin  in  nuclear  fractions  were  analyzed  by  Western  blot.  D. 
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Laforin  expression  (B-Dl)  in  tumor  cell  line  B 104- 1-1  inhibited  the  GSK-3P-phosphorylation 
and  P-catenin  nuclear  accumulation  induced  by  high  dose  (500  ng/ml)  recombinant  Wnt-3A. 
E.  Increased  GSK-3p-phosphorylation  and  p-catenin  nuclear  accumulation  in  the  thymocytes 
from  transgenic  mice  with  lymphoma  (Tg-Tu),  but  not  the  normal  mice  (Ntg)  and  the 
transgenic  mice  yet  to  develop  lymphoma  (Tg).  Freshly  isolated  thymi  were  lysed  and 
nuclear  and  cytoplasmic  proteins  were  analyzed  for  the  presence  of  P-GSK-3p  (Ser  9),  total 
Akt,  and  nuclear  P-catenin.  Data  shown  represent  three  independent  experiments.  F.  siRNA 
silencing  of  laforin  expression  in  fibroblast  cell  line  EEF8-TO  increases  its  tumorigenicitv. 
EEF8-TO  flxlt^/mousel  infected  with  lentiviruses  containing  either  vector  control  or  C- 
terminal  silencing  sequence  were  injected  subcutaneously  into  RAG-2(-/-l  mice.  The  growth 
kinetics  was  recorded  over  a  two-month  period.  Data  shown  represent  two  independent 
experiments  with  3  mice  per  group.  The  insert  shows  the  laforin  protein  levels  of  the  cell 
lines  used.  Similar  results  were  obtained  with  independent  transfectants  from  different 
experiments  (Supplemental  Fig.  7).  G.  Increased  tumorigenicitv  of  EPM2a  silenced  EEF8- 
TO  cell  line  is  eliminated  by  expression  of  dominant  negative  TCF  mutant  (ATCFl.  As  in  F„ 
except  that  the  laforin-silenced  EEF8-TQ  cell  line  super-transfected  with  either  vector  alone 
(VI  or  ATCF  were  used.  The  data  shown  are  tumor  growth  kinetics  with  5  mice  per  group. 
Essentially  identical  results  were  obtained  in  a  repeat.  The  levels  of  laforin  and  the  ATCF 
protein  were  determined  by  Western  blot,  and  a  control  cell  line  expressing  both  ATCF  and 
laforin  was  used  as  control. 
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Supplemental  figure  legends 


Fig.  SI.  Over-expression  of  genes  adjacent  to  TCR  transgene  integration  site  does  not  lead  to 
tumorigenesis.  A.  Genomic  organization  of  EPM2a  and  the  only  two  other  genes  within  300 
Kb  of  the  integration  site  on  chromosome  10.  The  cDNA  designations  are  based  on  Celera 
database.  B.  Expression  of  the  two  adjacent  genes  in  non-transgenic  littermates  (Ntg), 
transgenic  mice  without  tumor  (Tg)  and  transgenic  mice  that  developed  tumor  (Tg-Tu),  as 
determined  by  RNase  protection  assay.  C.  Summary  of  observation  period  of  8  transgenic 
founder  mice  and  12  offspring  of  the  founder  6.  all  express  mCG  16603  under  the  control  of 
the  proximal  lek  promoter.  D.  Offspring  of  founder  6  (mouse  F392)  overexpresses 
mCG  16603  gene,  as  determined  by  real-time  PCR.  Data  shown  are  means  and  SD  of 
triplicate  samples  and  has  been  repeated  twice. 

Fig.S2.  Over-expression  of  laforin  selectively  prevents  PDGF-induced  phosphorylation  of 
GSK-3p.  Vector  or  laforin-V5  transfected  NIH3T3  cells  were  stimulated  with  PDGF  for 
given  periods  of  time.  The  activation  of  Akt  (anti-p-Akt,  Ser  473)  and  GSK-3f3  (anti-p-GSK- 
3P,  Ser  9)  were  analyzed  by  Western  blot.  The  amount  of  protein  loaded  was  revealed  using 
the  total  Akt  as  determined  by  Western  blot.  Summaries  of  data  from  three  independent 
experiments  presented  as  the  means  +/-  S.D.  of  the  relative  amounts  of  phosphorylated 
proteins  at  30  minutes  after  PDGF-treatment.  The  films  were  scanned  using  CanoScan  LiDE 
30  (Canon  USA  Inc,  Salt  Lake  City,  UT),  and  the  intensity  of  the  band  was  determined  using 
SigmaScan  Pro  4  for  windows  (SPSS  Inc.,  Chicago,  IL).  The  signals  of  phosphorylated  Akt 
or  GSK-3P  were  divided  by  the  signals  of  total  Akt  or  GSK-3p.  These  ratios  were  then 
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normalized  over  those  from  PDGF-treated  vector-transfectants  (1 .0).  The  statistical 
significance  was  determined  by  student  t-test. 

Fig.  S3.  Dose-dependence  and  specificity  of  EPM2a  siRNA  effect.  A.  Two  different  knock 
down  constructs  resulted  in  different  degrees  of  laforin  knock-down  (upper  panel)  and 
biological  effect  on  GSK-3P  phosphorylation  at  Ser  9  (lower  panel).  B.  Overcoming 
inhibition  of  GSK-3p  phosphorylation  in  laforin-knock  down  cells  by  human  laforin,  which 
had  two  basepair  mis-match  in  the  C-terminal  silencing  sequence.  Note  that  the  anti-laforin 
antibody  was  cross-reactive  with  both  mouse  and  human  laforin. 

Fig.  S4.  Laforin-GSK-3B  association  was  unaffected  by  PDGF  stimulation  and  did  not  require 
phosphastase  activity  of  laforin.  Experiments  were  done  as  in  Fig.  6E,  except  that  cells  were 
stimulated  with  PDGF  or  medium  for  30  min,  prior  to  lvsis  and  immunoprecipitation  with 
anti-GSK-313  antibody. 

Fig.  S5.  Specificity  and  phosphatase  activity  of  laforin  expressed  in  E.  coli.  Recombinant 
GSK-3B  or  Bad  was  phosphorylated  by  constitutivelv  activated  Akt  in  the  presence  of  ATP. 
Wild  type  or  mutant  laforin  proteins  (0.5  or  1.0  ug/sample)  were  added  to  the  mixture  after 
the  phosphorylation  was  complete.  The  phosphatase  activity  was  detennined  by  Western  blot 
using  either  anti-p-Ser  9  GSK-3B  or  anti-p-Bad  (SI  12)  antibodies.  Data  shown  represent 
three  independent  experiments. 

Fig.  S6.  A.  In  the  presence  of  a  suboptimal  dose  of  PMA.  Wnt3A  induced  GSK-3B 
phosphorylation  at  Ser  9  position.  NIH3T3  cells  were  deprived  of  serum  for  2  hours  and  then 
treated  with  10  ng/ml  of  Wnt3A  and  given  doses  of  PMA  (uM).  The  significance  of  PKC 
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activation  was  verified  bv  a  30  min  pre-treatment  with  50  nM  of  PKC  inhibitor  G098.  B. 
Phosphatase  activity  of  larofin  was  not  induced  by  PMA.  The  stable  EPM2a-V5  transfected 
NIH3T3  clone  D14  was  treated  with  PMA  (0.5  uM)  for  30  min,  before  lysis  for 
immunoprecipitation  with  anti-V5  antibody.  Phosphatase  activity  in  the  immunoprecipitate 
was  detected  using  p-NPP  as  substrate.  The  NIH3T3  transfected  with  vector  was  used  as 
control.  C.  PMA  and  Wnt  did  not  modulate  association  between  laforin  and  GSK-3B.  Clone 
D14  was  deprived  of  serum  for  2  hour  and  was  then  either  left  untreated  or  treated  with  0.5 
uM  of  PMA  and/or  with  20  ng/ml  Wnt3A  for  1  hour.  The  cells  were  lysed, 
immunoprecipitated  with  anti-  GSK-3B.  and  probed  with  either  anti-GSK-3B  or  anti-V5 
antibodies  in  Western  blots. 

Fig.  S7.  RNAi  silencing  of  laforin  expression  in  fibroblast  cell  line  EEF8-TO  increases  its 
tumorigenicity.  EEF8-TO  was  infected  with  lentiviruses  containing  either  vector  control  (V2. 
empty  circle)  or  C-terminal  silencing  sequence  (C5.  solid  square)  as  detailed  in  methods.  The 
insert  shows  the  laforin  protein  level  of  representative  clones  from  each  group.  The  control 
and  silenced  clones  of  EEF8-TO  cells  nxl06/mouse')  were  injected  subcutaneously  into  RAG- 
2(-/- )  mice.  The  incidence  and  growth  kinetics  were  recorded  over  a  two-month  period.  Data 
shown  represent  two  independent  experiments.  In  combination,  tumors  were  detected  in  all  8 
mice  that  received  the  silenced  clone,  but  in  none  of  the  8  mice  that  received  the  control  clone. 
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